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1.0 SUMMARY

The task I effort of contract NAS2-6344, described in this report, consisted primarily

of initial system studies and static rig testing to establish the design characteristics and per-
formance and noise levels of a large STOL transport airplane. In general, work to date indi-

cates that completion of tasks 1I and 1II will confirm that noise suppression will equal or

exceed original estimates.

The baseline configuration airplane studied incorporated a two-stream engine with the

fan air ducted to the augmentor nozzles through a plenum system. This was accomplished

with a takeoff nozzle pressure ratio of 2.0, which was the original target.

Wing optimization studies showed that the augmentor wing airplane design is particu-

larly responsive to wing thickness and its effect on ducting capacity. Therefore, the optimi-

zations showed substantial improvement by using a wing aspect ratio of approximately 5.5

for the STOL mission. System studies also showed that minimum takeoff gross weight is

achieved by utilizing high duct velocities With total pressure duct losses up to 25%.

Static rig testing included slot nozzles with aspect ratios between 50 and 400,

convergent-divergent nozzles, and various multi-element nozzles with lobes and tubes. All

testing, both performance and noise, showed good accuracy and repeatability. Performance

testing of nozzles showed high velocity coefficients.

Noise testing of nozzles without flaps has confirmed original noise estimates quite

closely, including the effects of aspect ratio, nozzle breakup, and shock-induced noises of

underexpanded nozzles. The high-breakup lobe-type nozzle has the best noise characteristics

to date. A firm base has been established for task II static testing with the complete flap

system.

A preliminary study of the three-stream augmentor wing design shows that the takeoff

gross weight is equivalent to that of the two-stream design at higher levels of wing thrust

(50% and above), but the noise will be substantially higher.

Using test data generated to date, and apply'ing reasonable noise technology improve-

ments, it is evident that the two-stream augmentor wing airplane has a noise potential of 90
PNdB at a 500-ft sideline.
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INTRODUCTION

e,

The aerodynamic development of the augmentor wing concept has been pursued by

NASA and de Havilland Aircraft of Canada for a number of years. More recent emphasis on
very low noise levels for commercial STOL aircraft has focused attention on the fact that

the augmentor of the augmentor wing airplane has the inherent characteristics of a very
effective ejector-suppressor.

Studies by The Boeing Company showed that the augmentor wing airplane has a lower

noise potential than other systems being studied, particularly if all the fan air could be

directed to the wing and silenced by the augmentor. This work resulted in a contract

(NAS2-6344) for the augmentor wing noise program, which has the objective of developing

through analysis, design, experimental ground rig testing, wind tunnel testing, and design

integration studies, an augmentor wing jet flap for a jet STOL transport aircraft having max-

imum propulsion and aerodynamic performance with minimum noise generation. This pro-

gram has three basic elements: ( 1) static rig testing of a scale wing section to demonstrate

augmentor performance and noise characteristics, (2) two-dimensional wind tunnel testing

to determine flight speed effects on performance, and (3) system design and evaluation

which optimizes the complete system and ensures compatibility of the design with the

requirements for a large (150 passenger) STOL transport.

The results of task I, accomplished between January 1 and June 30, 1971, are

described in this report. Included are initial static rig testing with a variety of augmentor

nozzles and completion of work preparatory to testing with the complete augmentor flap

system, design and fabrication of the two-dimensional wind tunnel model, and establish-

ment of a baseline airplane with a parametric optimization of wing design and propulsion
system.
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3.0 SYMBOLS AND ABBREVIATIONS
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A

A*

a

ail

AR

AR

b

BPR

CD

CG

C
L

CLp

Cp

CR

CV

Cg

C

C-D

CTOL

D

dB

F

F 1

f

FPR

g

area

blowing nozzle area at Mach number = 1.0

local velocity of sound

aileron

airplane aspect ratio or nozzle aspect ratio, b/h

augmentor primary nozzle array area ratio, area enclosed by array/nozzle flow area

span

bypass ratio, engine secondary airflow/engine primary airflow

drag coefficient or nozzle discharge coefficient (mean airflow/ideal airflow)

nozzle thrust coefficient

lift coefficient

design lift coefficient

pressure coefficient

roll moment coefficient

nozzle velocity coefficient

blowing momentum coefficient, augmentor primary nozzle isentropic
thrust/qS

chord

convergent-divergent nozzle

conventional takeoff and landing

diameter

decibel

engine thrust or augmentor primary nozzle thrust

ideal nozzle thrust

frequency (Hertz)

fan pressure ratio

gravitational constant



GNI)

GW

GW'

ii

h

Hz

KF

i.

LE

.M

m

NPR

OASPL

OASPLma x

OPR

P

PNdB

PNL

PN Lmax

q

R

_t

%

"x

ground plane

airplane gross weight

airplane corrected gross weight

nozzle array height

height (Y direction)

Hertz, unit of frequency

duct loss velocity head factor

length (X direction, usually)

leading edge

Mach number

airflow

nozzle pressure ratio

overall sound pressure level

maximum OASPL along a noise radiation line with respect to the jet axis

overall pressure ratio of engine

static pressure or lobe or tube centerline pitch

unit of perceived noise level

perceived noise level

maximum PNL along a noise radiation line (arc) with respect to the jet axis

dynamic pressure

radius from nozzle exit centerline to microphone or observer

Reynolds number

coanda radius

wing area

Strouhal number

specific fuel consumption

_a level static ®



SPL

STOL

T

t

T/O

Thumbprint

TOFL

TOGW

T/W

T/S

V

W

W

WCP

w/s

X

Y

Z

Ot

AF/Fse c

AGW

AP/P F

8 F

8N

LUl

sound pressure level

short takeoff and landing

temperature or airplane net thrust

wing thickness

takeoff power setting

plot of (T/W)unin, GW, and W/S

takeoff field length

takeoff gross weight

airplane thrust/weight ratio

airplane thrust/wing area ratio

velocity

weight or airplane weight

lobe width

wing chord plane

wing loading

axial distance downstream from augmentor primary nozzle

vertical coordinate from nozzle centerline or WCP

spanwise coordinate

angle of attack

plenum rotation or slot nozzle orientation with respect to flyover position

fan air gross thrust loss ratio

airplane gross weight correction based on engine installed thrust/weight ratio
relative to thumbprint thrust installation factor

fan air total pressure loss fraction relative to fan exit total pressure

flap rotation angle with respect to WCP

augmentor primary nozzle deflection angle with respect to WCP

augmentor flap air ;,Jrnh!g __n_g!e,"O,r- B N
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0

0DIFF

01

0LIP

A

P

¢,

A

AP

APC

APIG

APTH

aug

diff

duct

E

EX

eng

exp

F

G

at a given jet axial station, the "Y" distance from the jet centerline to the
point where the jet velocity is half the maximum jet velocity in the same
plane

noise radiation angle with respect to inlet centerline

augmentor diffuser angle

augmentor intake angle

lip angle with respect to WCP

airplane wing sweep of quarter chord

wavelength

jet density, lb/cu ft

thrust installation factor, (Tin/Tunin) = (T/S)in/(T/S)uni n

airplane

Subscripts

augmentor primary nozzle

section from augmentor primary nozzle to coanda

isentropic gross thrust of the augmentor primary nozzle associated with
installed engine and ducting, excluding nozzle losses

section from augrnentor primary nozzle to flap throat

total augmentor per wing

diffuser section, flap throat to flap exit

duct system

equivalent nozzle, i.e., same nozzle area per unit span

augmentor flap exit

bare engine

fully expanded jet

fan exit total conditions

gross



I or IJ

in

J

L

lip

lipc

M

MD

MDR

mix

N

NS

P

pod

pri

R

S

SD

SLS

See

secin

sect

T

TH

tot

unin

4

ideal, fully expanded jet (as applied to velocity)

installed

jet at augrnentor primary nozzle exit (Vj = CV V I)

lobe of augmentor primary breakup nozzle

lip on lower side of augmentor primary nozzle

end of lip to nearest point of coanda parallel to lip surface

maximum for any axial (or "X") station downstream of nozzle

main wing duct

baseline system main wing duct

total mixing section, augmentor primary nozzle to flap exit

net

nacelle and strut

augmentor primary nozzle exit

bare engine plus nacelle and strut

primary

relative jet

slot nozzle

subduct

sea level static

secondary, engine stream, or induced flow regions of the augmentor

Secondary air inlet to augmentor

particular augmentor section

total (for total pressure, total temperature)

augmentor flap throat

engine pads plus duct system

uninstalled

turbine inlet

ambient
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4.0 TASK I INTRODUCTION

4.1 GENERAL PROGRAM OBJECTIVES

The objective of the attgmentor wing noise program is to develop through analysis,

design, experimental ground rig testing, wind tunnel testing, and design integration studies

an augmentor wing jet flap configuration for a jet STOL transport aircraft having naaximunl

propulsive and aerodynamic perl'ormance with minimum noise generation. The program is

primarily a technology development effort, with a parallel system integration design study

to assess the feasibility of all augmentor wing concepts considered for low noise for meeting

various propulsion and aircraft design requirements of commercial STOL transport aircraft.

The technology development effort consists of three major tasks: ( 1) studies of various

nozzle design parameters for noise suppression of slot-type nozzles, (2) studies of the entire

augmentor wing jet flap, with acoustic treatment of various segments of the flap for noise

suppression, and (3) aerodynamic studies at forward speed to assess the effects of noise sup-

pression modifications on the performance of the flaps.

To achieve the primary goals of the program, emphasis is placed on the following
factors:

1) Augmentor wing jet flap concepts for noise reduction are selected with considera-
tion for STOL aircraft performance, stability, control, and field length to mini-

mize degradation of airplane operating capabilities and economics for the entire

flight envelope.

2) Investigations include noise measurements of nozzle and augmentor wing jet flap

configurations, thrust measurements, and wind tunnel tests on augmentation

efficiency, aerodynamic drag, and propulsive thrust.

3) Consideration is given to selection of test hardware, test conditions, and the

potential for presenting tradeoff data and design curves over a wide range of

application.

A

4.2 GENERAL PROGRAM APPROACH

The development of the augmentor wing jet flap for best thrust performance and noise

reduction requires a thorough understanding of the basic mechanisms of noise generation

and suppression, as well as the basic mechanisms of thrust augmentation in ejector/llap com-

binations. In the proposed program, particular emphasis is placed on undcrstanding those
elements of the augmentor wing jet flap that generate noise or affect the resultant noise

field. The configurations will be designed to combine nozzle and ejector thrust performance
with noise reduction to permit application of the results to other similar configurations.

The objective of task 1 is the determination of componcnt noi_ sources and propulsion
characteristics. The work will evaluate the effects of basic slot nozzles, suppressor nozzles

with breakup, nozzle lip and nozzle placement variation, and the identification of required

II



:. _,r ch,Jr;wleristics. Candidate configurations will be selected for task 11 tests.

• _ ,_ .,tom analysis will bc performed to ensure that the candidate configurations are

, t,, m,'ct the airplane installation and performance requirements. The parameters of

,i. t,_ be conthlclcd arc described in sections 4.2.1 through 4.2.4.

4.2.1 Task l-Noise Suppression-Nozzle

Ih_'lop a program to optimize an augmentor wing jet flap concept over a broad

. ,-, ,,! ,,iwrating conditions for low noise. The goal is to meet a 95 PNdB noise level at a

,. 0 _ It ,idchn¢ distance for a 100/150-passenger STOL transport aircraft having a 2000-ft

,i _l_l Ii¢ltl length.

S!-,tic Rig Tests

Conduct studies and static rig tests of large-scale models of various nozzle con-

figurations to determine noise attenuation and propulsion efficiency for various

ilozzlc types and conditions, including nozzle aspect ratio, nozzle pressure ratio,
,,hock structure with convergent-divergent nozzle, and multi-element nozzles. The

most promising nozzle configurations will be investigated in conjtmction with the

coanda surface having various lengths of lip and deflection angles with respect to
the jet axis to determine the effects on noise suppression and performance.

System Design and Evaluation

('onduct preliminary studies of system design and analysis wherein integration of
the propulsion system and augmentor wing jet flaps with the airplane will be

started during this task. These studies shall include preliminary design of practical

aircraft wings to assess the optimum combination of wing thickness, area, aspect

ratio, and span location to accept ducting and augmentor wing jet flap require-

ments. The studies shall also include preliminary design of practical basic ducting
layouts for independent and plenum chamber systems to assess engine-out duct

and valve requirements for various engine number and spacing. The studies shall

also include a preliminary assessment of a range of engine cycle pressure ratios,

fan pressure ratios, turbine temperatures and bypass ratios for providing low pri-

mary nozzle noise. The results of the initial system integration studies carried out
in this task will be continued during task 1I and lll.

General

Conduct preliminary studies and program definition for the task lI and task III
parts of the program. In task lI, consideration is given to tests of the noise levels

of the entire augmentor wing jet flap with acoustic lining and to continuation of

the systems integration effort started in task 1. In task I11, aerodynamic per-

formance of the low noise level augmentor wing jet flap is investigated.

A
U
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4.2.2 Task ll-Noise Suppre_ion-Entire Augmentor Wing Flap System

Task !! will be composed of static rig tests of tile noise levels of acoustically treated

attgmentor wing jet flap systems utilizing the various nozzles developed in task 1 which

indicated the greatest potential for accomplishing the objectives of the program.

Static Rig Tests

The investigations shall include measuring the acoustic noise levels and static per-

formance of augmcntor wing jet flaps with a number of parameters such as

coanda lip length, slot heights, and diffuser height to nozzle height ratio varied to

define near-optimum ejector performance with low noise levels for the basic

augmentor flap.

Investigations shall also include measuring the noise and static performance levels

of augmentor wing jet flaps with systematic installation of various acoustic lining

on several positions on the lower flaps, upper flaps, intake door, and coanda sur-

face. The types of lining should include, first, a broadband acoustic treatment,

followed later by tuned lining which will be selected during the task I preliminary
studies for definition of task II.

System Design and Evaluation

Continue preliminary studies of system design and analysis, of which the integra-

tion of the propulsion system and augmentor wing jet flap portion was started in

task I. In addition to the task I items, the studies shall include ducting component

design layouts for minimum pressure loss and weight, diverter valves, variable

nozzle area, and other components related to ducting air from the engine fans to

the flaps. The results of these and the task I systems integration studies will be :
continued in task III.

4.2.3 Task Ill-Aerodynamic Investigations

The studies are to include analyses and experimental investigations of the effects of

various modifications to the augmentor wing jet flap for reduction of noise levels on the

sectional aerodynamic characteristics at forward speed conditions by conducting wind tun-

nel tests of two-dimensional models. The task I and II investigations will determine the

static performance of the configurations, and a certain limited number of configurations will

be investigated during task I!I. Spccific objectives are to:

1)

2)

Determine the baseline performance with a two-dimensional model of the basic
NASA-Ames Phase VI augmentor wing jet flap.

Modify the two-dimensional model with the augmentor wing jet flap nozzle con-

figuration changes, acoustic lining treatment, upper and lower flap, and slot and
coanda surface changes based on the results of task 11and determine the effects

on performance at forw:_rd speed.

13



3) Modify the two-dimensional model to determine dependence on augmentor wing

ejector efficiency and requirements versus lift coefficiel;t with wing leading edge

devices and leading edge blowing in the vicinity of a leading edge slat to provide

data for design trades with trailing edge flap momentum coefficients, llap chord

ratio, and flap dellcction.

4) The design integration studies for the propulsion system and augmentor wing jet

flap will be completed in task III and shall include, in addition to task 1 and task

II studies, the investigation of the total system integration to determine interrela-

tionship of duct designs, wing thickness, engine specific fuel consumption, and

weight, and their effects on STOL transport aircraft performance and noise.

The studies shall also include, with assistance from engine manufacturers, evalua-

tion of existing fan-jet engines and components to determine modifications that

may be possible for a demonstrator augmentor wing fan jet engine. Thc purpose

of these studies will be to define a program with a full-scale fan jet enginc com-

bined with an augmentor wing jet flap of partial span to demonstrate with static

tests the noise suppression capable with an integrated system.



5.0 SYSTEM DESIGNSTUDIES

5.1 INTRODUCTION AND BACKGROUND

The purpose of the system design effort is to integrate the airplane mission and installa-

tion requirements with the static and wind tunnel augmentor flap testing. To perform this

function a baseline airplane was sized to the mission constraints of a 2000-ft field length,
500-nmi range, and 150-passenger capacity (see fig. 5-1 ). The noise target is 95 PNdB at the

500-ft sideline. The baseline thrust and wing area are used to size the test hardware. Installa-

tion and feasibility studies are performed on nozzle, flap. and duct systems. The augmentor

flap concept of major interest is the "two stream" configuration, with all the fan airflow

ducted to the wing and with the augmentor flap used as the primary propulsion source dur-

ing takeoff and landing. The engine cycle for this system has a high pressure ratio (2.5 to

3.5), multistage fan, and low-velocity, low-noise primary jet. This system is shown on figure

5-2. it is felt that the suppression potential of the flap system, combined with the low

primary jet velocity and choked inlet, provides the two-stream concept with the best

potential to meet the noise target. However, three-stream systems, with a low-pressure fan
providing jet thrust and a high-pressure fan of 30% to 50% blowing thrust ducted to the

wing, are also evaluated and compared to the two-stream system.

The wing planform and duct system on the baseline airplane is systematically varied to

determine the amounts of thrust that can be ducted to the wing as a function of wing and

duct system parameters. Engine cycle studies are conducted to evaluate engine weight and
performance.

A sketch of the augmentor flaps for a two-stream system is shown in figure 5-3.The

major change from previous augmentor flaps is the amount of air ducted to the wing. Pre-

vious augmentor flaps, like the modified DHC Buffalo (NASA contract NAS2-6025), are
similar to three-stream systems investigated, with about one-third of the thrust ducted to

the augmentor flaps. The increase in the wing thrust split and the increased wing loading

desirable for ride quality require about three times as much thrust into a given sized flap

system. The increased flap thrust necessitates geometry changes and reoptimization of the

nozzle-flap system. Multi-element augmentor primary nozzles appear likely to be used for

noise reduction and to improve augmentor performance by increasing the mixing rate inside

the flap system. Several configuration changes from the Buffalo flaps are shown in figure

5-3; it is expected that changes in this direction will be required to optimize the flaps for the

increased thrust per unit wing area, and to realize the noise suppression potential of the flap

system, hnportant changes will likely include the long lip, the increased flap spacing, and

the larger coanda radius. These and other features are being evaluated in the system design
and test programs.

Suppressor nozzle design experience developed at Boeing, as well as available informa-

tion from NASA and the industry, have revealed the existence of several avenues for large
improvement in augmentor wing jet flap noise suppression. These include:

! ) Breakup of the nozzle into multi-element segments and spread to an overall cross-

sectional area considerably larger than that of a single jet of the same total flow

15
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area. This process in general reduces the level of low-frequency noise but may

shift some of the energy to higher frequencies. Configuration constraints often

determine the upper limit for flow breakup.

2) Effective use of lining material on the long flap-ejector surfaces. Ejectors promote

mixing of ambient air with the jet to reduce velocity (and noise) and provide

shielding of the high-frequency energy generated close to the jet exit. Lining with

acoustically absorbent material provides additional noise attenuation primarily in

the high frequencies.

3) Use of convergent-divergent (C-D) nozzles to minimize the shock-induced noise

effects commonly measured on conventional convergent nozzles operated at

supersonic pressure ratios.

4) Extension of the nozzle lip to shield high-frequency noise generated close to the

jet exit.

5J hnprovement in the augmentation ratio to decrease the nozzle pressure ratio. The

resulting lower jet velocity will generate less augmentor primary nozzle noise.

6) Direct decrease in nozzle pressure ratio (with corresponding increase in airflow) to

reduce nozzle velocity and noise.

7) Use of the favorable directionality characteristics of the high-aspect-ratio slot
nozzle to decrease sideline noise.

The effects of given changes in suppressor geometry can only be predicted in a general way.

A more detailed discussion of these suppression principles, especially those involving pri-

mary nozzles, is presented in section 6.0.

The target noise level for the augmentor wing STOL airplane is 95 PNdB or less at a

runway sideline distance of 500 ft. This objective has been expressed in at least two tech-
meal reports (refs. 5-1 and 5-2). The American Airlines study of the feasibility of a floating

.Manhattan STOLport, (ref. 5-3) recommended complying with the New York City rcquire-

ment of 85 PNdB at about one-half mile from the nearest residential development. Correct-

mg lot distance this is close to the 95 PNdB objective at a 500-ft distance. Robinson of the

._Jhonal Physics Laboratories in England has used a criterion of 90 PNdB in the business
and industrial areas of cities and about 85 PNdB in residential areas (ref. 5-4). A definite

tJqtet number is difficult to determine, because subjective response to aircraft noise is a

,,,ml, k'_ phenomenon involving several interrelated factors: intensity peak, duration of

_x-Jk,. dt_rete tones, harmonics, and the general quality of the sound.



5.2AUGMENTOR SYSTEM DUCT/NOZZLE FLAP INTEGRATION

5.2.1 Baseline Definition

An augmentor wing airplane configuration with 80% of the engine thrust ducted to the
wing was established to:

1) Determine thrust and wing loading requirements

2) Guide sizing of test hardware

3) Provide a reference point for further wing, duct, flap, and weight studies

The airplane was designed for 150 passengers, a 2000-ft field length, a 500-nmi range,

and a cruise requirement of Math 0.8 at a 30,000-ft altitude. This configuration (see fig.

5-1 ), was designed around the STF-369C engine, which has a fan pressure ratio of 2.45.

Assuming a 15% pressure loss in the ducts, this gives a nozzle pressure ratio of about 2.0. A

supercritical airfoil section was used to meet the cruise speed requirement, with a thicker

than conventional airfoil. The wing planform had an aspect ratio of 6.5 and a thickness ratio
of 12% outboard increasing to 16.3% at the fuselage. A thrust-to-weight ratio (T/W) of 0.39,

a wing loading (W/S) of 84 lb/sq ft, and a gross weight of 185,000 lb were initially selected.

This gave an engine size of 18,000 Ib (uninstalled) and a wing area of 2200 sq ft. The thrust

to the wing was split 85% to the augmentor nozzle, 10% for leading edge BLC and 5% for
aileron BLC.

A subduct plenum augmentor duct system was installed on the baseline airplane. The

subduct plenum has a separate duct that is closed during engine-out operation to reduce the
nozzle area to compensate for the lost engine. The subduct was installed on the inboard and

outboard augmentor nozzle sections. It was not extended through the center portion

because this is a critical area for duct volume during engine-out operation. A schematic of

the duct system is shown in figure 5-4, and the resulting nozzle spanwise blowing distribu-

tion in figure 5-5. The augmentor blowing nozzle arrangement and dimensions are shown in

figure 5-6. The separate nozzles are installed into an adapter plate that has integral turning

vanes and also supports the duct. The main duct air flows into lobe nozzles, and the subduct

flows into a slot nozzle below the lobe nozzle array. This nozzle arrangement was used to

minimize the nozzle vertical space requirements and to allow room for support structure on

the inboard flap sections. The nozzle exit plane was placed over the aft duct to allow the

flow from the nozzle elements to merge into a jet sheet before encountering the coanda

turning section in the flaps and to permit installation of as much acoustic lining material as

possible between the nozzle exit plane and the flap exit. The subduct slot nozzle was placed

close to the lobe nozzle to obtain a long lip to allow the flow from the lobes to attach to the

lip when the subduct is closed during engine-out operation. Additional ducting schemes are

described in section 5.4 and other nozzle arrays in section 5.2.3.

A flap system using a simple pivot for both the flap and shrottd was designed for the

baseline airplane and is shown in figure 5-7. The flap nose and lip were contoured to give a

substantial lower ventilation gap at the takeoff flap setting of 35 ° to improve thrust aug-

n_entation. The gap gradually close,_ with increasing flap amzles to enhance the lift and flow
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turningcapability.A smalldoor sealsthe lowergapduringcruiseflight. Theuppershroud
and door are connected by a roller and slot arrangement which allows the shroud and door

length to telescope as the flap angle increases. This action exposes the upper BLC suction

,lot (which is built into the shroud) at flap angles greater than about 25*. The flaps are

broken into three spanwise segments per side and are actuated by a rotary actuator.

A parametric study of thrust loading, wing loading, and estimated airplane gross weight

w-,s performed: the results for the baseline airplane are shown in figure 5-8. This figure was

dewloped by determining the T/W and W/S relationship for the takeoff and landing field

length. The gross weights were determined by conventional parametric methods. The duct

_oltnne is for a duct system similar to the baseline. The design point is the intersection of

the duct volume and takeoff lines and shows that a gross weight of 203,000 lb is required to

meet the mission. However, the wing and thrust loading remained at 84 and 0.39, and
therefore the relationships of engine and duct size to wing area remain the same as in the

previous design work. Additional wing geometry studies are described in section 5.3.

The assumptions for the STF-369C engine data used in the noise calculation pro-

cedure for the baseline was for an installed configuration, standard day sea level per-
I'ormance, and 100 kn speed. The noise calculation procedures of reference 5-16 were used

to predict the inlet, primary jet, and flap (basic cycle) noise.

The curves of figure 5-9 relate peak PNL to altitude for the baseline airplane. The low

primary jet noise levels are attributed mainly to the low jet exit velocity. Inlet noise has

I_'en suppressed 22 PNdB by the application of inlet guide vanes and sonic choking. The

technical basis for this suppression estimate was founded in previous Boeing sonic inlet

dcwlopment work. Augmentor wing/jet flap noise levels are based on technology associated

ah other Boeing suppressor design programs and available test reports. It is the purpose of

Ihe testing portion of this program to provide test data that will permit improvement in
thc_: predictions.

5.2.2 Test Hardware Requirements

]'he baseline airplane was designed around an STF-369C engine because it is expected

that h_er nozzle pressure ratios will result in lower noise. However. the test program will

,-, Jluate this assumption. The major effect of increasing the NPR at constant thrust is to

f,'du, e |he nozzle and duct area. This relationship is shown in figure 5-10. It shows that
,",_caung the NPR from 2.0 to 2.5 will decrease the nozzle area to about 0.7 of the former

_¢_ llu_ reduces the equivalent nozzle slot height, h E (augmentor nozzle area per side/

_-,_tk,pank from 2.1 in. at NPR = 2.0 to 1.47 in. at NPR = 2.5. This reduction in h E
•"-,_,',_',, the nozzle aspect ratio from 220 at NPR = 2.0 to 320 at NPR = 2.5 (see fig. 5-1 l ).

l_,.,ch,n: a realistic evaluation of the effect of NPR on noise will include these configura-

'*"_ _attable,,. Increasing the NPR also decreases the duct diameter, and this reduces the

.'. ,,,1,, t_e _olume of space occupied by the duct. If the rear spar is kept at 50'_ of chord,

",_ flap length will vary inversely to the duct volume. This is shown in figure 5-12 for a

.*"_":_,n duct _ystem and for a typical independent duct system (27% crossover) described in

'_,'_,.,_, ._ 4 "lhe independent ducts require more chordwise volume and a higher NPR (2.7

,.i ." O 0.n the plenum) to obtain the same flap chord. The duct volume, nozzle exit plane,

..... • ._,..t u_t._.l.lUllt_.. I.lt/t_, ,LIIIAIIt_ II..II_LII ldtlU_ Wlll_II 13 d llt.YllUIlll_ll_.lUlldl



measure of the length available to mix the nozzle flow and attenuate the noise inside the

flaps. For constant wing planforms, the mixing length ratio increases with increasing nozzle
pressure ratio (fig. 5-1 2).

Figure 5-13 presents schematics of several suppressor nozzle types. Slot nozzles provide

an effective means of increasing the mixing perimeter of a jet nozzle to reduce noise and are

compatible with the augmentor wing configuration. The slot height reduction is effective in

reducing the level of low-frequency noise but may shift some of the energy to higher fre-

quencies. C-D nozzle designs operated at design pressure ratio have demonstrated a capa-
bility to attenuate shock-induced noise.

Lobe and tube nozzles have also been shown to be effective suppressors. The major

variables are element dimension (size and shape) and array area ratio. Large array area
ratios are necessary for good low-frequency noise reduction. A decrease in element

dimensions (with adequate spacing) tends to provide better mixing and shift the noise

energy to a higher frequency, which is more amenable to shielding and attenuation.

The test nozzles are described in section 6.2 and were designed to give parametric trade
curves of these variables.

The expected mixing characteristics of a breakup nozzle are shown in figure 5-14. The

flow from the individual nozzle elements mixes with and entrains the surrounding ambient

air. As this occurs, the mixing regions expand and merge together to form a thick, con-

tinuous, lower velocity jet.

5.2.3 Nozzle Studies

Several nozzle configurations were studied to determine their feasibility for use with

the duct and flap systems: Considerations included wing volume, flow losses, noise suppres-

sion potential, and nozzle installation and manufacture. The array height is limited by the

available vertical space in the wing for structure, nozzles, and ducts. Figure 5- ! 5 shows the

nozzle pressure ratio required for nozzle array area ratios of 2.5 and 4.0 using a plenum duct

and nozzle location similar to that of the baseline airplane. This figure shows the vertical

space allocations for structure, aft duct, and nozzles at the nozzle exit plane.

The interwoven lobe concept is shown in figure 5-16. An independent duct system

(each engine has a separate duct) is used here and is described in section 5.4.2. The nozzles

are attached to the ducts with an adapter plate with integral turning vanes. The lobe nozzles

are alternately attached to two ducts, and this arrangement could also be applied to the sub-

duct plenum system. The advantages of this concept are a uniform breakup of the nozzles
and good ventilation between the lobes for access of entrained mixing air. The severe bend

to the nozzles from duct 2 may cause high internal losses unless special care is taken in the

design of the internal contours. Engine-out conditions would shut off the lobes from one

duct, and the effective spacing of the remaining lobes would be increased. This would

require a longer distance for the flow from the lobes to inix and would need to be con-

sidcrcdwhcn integrating the nozzles and flaps.
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The"stacked"lobeconcept(fig. 5-17)issimilarto the interwovenlobes,exceptthat
thenozzlesfrom eachductarearrangedvertically.Thisrelievestheseverebendon thenoz-
zlesfrom the aft duct.The effective lobe spacing remains constant during engine-out opera-

tion, but the nozzle array height is reduced. However, a gap exists between the upper nozzle
row and the coanda flap during engine-out with the lower nozzle row inoperative, and this

will require evaluation for adverse effects at higher flap angles.

Tube nozzle arrays are shown in figures 5-18 and 5-19. The tubes could be arranged

either in an interwoven or a stacked array. The upper row of tubes is shown with elliptical

shapes to increase the ventilation area for entrained air. The nozzle/duct adapter plate

would become rather complex for the four-tube row nozzle array. The tube nozzles require

more individual pieces for the entire augmentor nozzle than do the lobe nozzles, but each

tube can be lighter and simpler than a lobe.

The tandem nozzle (fig. 5-20) combines a breakup nozzle array with a slot nozzle. This

nozzle type was used on the baseline airplane but has a wider application and could lend

itself to some innovative duct/nozzle schemes. A potential advantage of this nozzle is that

the slot nozzle portion can be used as a BLC device to enhance the turning of the breakup

nozzle flow at steep flap angles. This would require a duct system having continuous blow-

ing to this nozzle, especially during engine-out operation. One way to achieve this would be

to add a trailing edge plenum duct similar to the leading edge BLC system. The slot nozzle
might be fabricated as a series of lobe nozzles laid end to end. Evaluation of these described

nozzle types is continuing and will require integration of the test data with system design.

5.2.4 Flap Studies

The airplane constraints for wing area, wing chord, nozzle area, and flap chord were

used to size the test flap configurations. The test hardware and test plan are discussed in

section 6.0, and the results of the testing will be used to evaluate and optimize the flap
system during task II. In addition to the baseline flap system, conceptual flap arrangements

were synthesized to provide alternate solutions and possible improvements to the flap
system.

The lower gap acoustic shield (fig. 5-21 ) provides a method to suppress the noise leak-

age through the lower gap while maintaining the performance advantages associated with
this gap. The acoustic shield creates an acoustically lined channel to attenuate and redirect

the noise leakage away from a direct path to the ground. The modulating flap concept (fig.

5-22) attempts to provide a means to modulate the thrust during approach without incur-

ring large changes in lift. The flaps are deployed conventionally until the go-around flap

setting (approximately 45 °) is reached. Then the major flap components remain in position

and additional flap deflection is obtained by modulating the trailing edge of the flaps. Rapid

control rates could be achieved during modulation because only the modulating portion of
flaps would be moved. Flap deflections over 90* could be achieved with this scheme with

the possibility that flow separation at high flap deflections could be confined to the modu-

lating portion of the flaps rather than the entire flap system. The main flap would have a

reduced range of deflection compared to other augmentor flaps, and this would allow the

nozzle lip and flap nose to be tailored to a specific flap angle rather than compromiscd over

a large range of flap angles. The effective coanda turning radius could be made larger titan
that of the baseline flap; this would enhance the performance when breakup nozzles were used.
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5.3WINGGEOMETRY STUDIES

5.3.1 Wing Planform Parametric Studies

The effects of wing planform changes were studied using the 751-103 configuration

(fig. 5-1) planform as a reference. Takeoff thrust requirements were updated to incorporate tile
augmentor performance of working paper 271, NASA Ames, and to balance all-engine and

engine-out field length requirements. Aspect ratio and sweep effects were included in lift

and drag. Weights of the fuselage, wing, and surface controls were adjusted for differences

due to wing planform.

The volume required to house augmentor ducting between the rear spar and the aug-

mentor flaps imposes an upper limit on wing loading. Figure 5-24 shows that the 751-103

configuration planform is duct volume limited to an 81 Ib/sq ft wing loading by the takeoff

thrust requirements. Higher wing loadings are desired for improved airplane economics and

better passenger ride quality.

The duct volume constraint on wing loading can be eased somewhat by wing planform

changes to increase wing chord and thickness. The relationships between duct volume limits,

thrust requirements, wing loading, and takeoff gross weight (TOGW) are shown in figures

5-23 through 5-31 for wing aspect ratios of 5, 5.5, and 6.5 and sweep angles of 20*, 25*, and

• 30*. All planforms studied had wing Ioadings limited by duct volume to less than the

optimum wing loading for minimum TOGW.

Figure 5-32 summarizes the effect of sweep and aspect ratio on STOL and CTOL take-

off gross weights. The minimum STOL TOGW occurs at 5 aspect ratio and 30* sweep. The

minimum CTOL TOGW occurs at 5.5 aspect ratio and 30* sweep.

The effect of wing planform on block fuel is shown in figure 5-33 for the STOL and

CTOL missions. Planform changes caused variations of only -2.7% to +4.2% in STOL block
fuel and -2.5% to +5.5% in CTOL block fuel.

Wing loading and thrust loading are plotted in figure 5-34 for the duct volume limits of

the planforms studied. The highest wing and thrust loading are obtained with the 5 aspect
ratio and 30* sweep planform.

Significant improvements in TOGW and wing loading can be made by wing planform

changes. The lightest TOGW and the highest wing loading occur at 5 aspect ratio and

30*sweep. However, since a configuration with 5.5 aspect ratio and 30*sweep weighs only

0.75% more and has better growth capabilities and lower CTOL operating costs, it is recom-

mended that 5.5 aspect ratio be considered a lower limit. A three-view and specification are

shown in figure 5-35 for an airplane with 5.5 aspect ratio and 30*sweep. The STOL TOGW

of this airplane is 11,500 lb lighter than the reference 6.5 aspect ratio, 25* sweep configrua-

tion and the CTOL weight is 8000 lb lighter. Wing loading is 94.3 lb/sq ft, whereas that of

the reference airplane is 81.4 Ib/sq ft.
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5.3.2 Duct Geometry

The wing planforms discussed in section 5.3.1 above were examined through a sys-

tematic series of preliminary drawing layouts to establish available duct installation space
relative to the baseline wing (aspect ratio 6.5, 25* sweep). As discussed in section 5.2.1, a

supercritical type airfoil section (fig. 5-36) was adopted to provide maximum internal space

without penalizing cruise speed. Wing thickness, t/c, was varied for the several planforms to

maintain constant critical Mach numbers, and the inboard engine location was selected as

typical for parametric studies. Major dimensions of the space available at the inboard engine

bounded by upper and lower surfaces, the 50% chord plane and the 75% chord plane, are

given in table 5-1 and shown graphically in figure 5-37 for the 2200-sq-ft reference wing

area. The gross areas thus defined are plotted in figure 5-38. The expected trends are evident

in these figures, and it is significant that increasing sweep angle for a given aspect ratio
causes the space geometry to tend toward a square, which favors the installation of a

plenum duct. Conversely, lower sweep angles provide a space with longer fore and aft

dimension more appropriate to several small side-by-side ducts of an independent system.

Cross-section views of the independent and plenum systems shown in figure 5-39

indicate the space allowances for structure and clearances. By applying these space allow-

ances at the inboard engine location (27% b/2) of the wing planforms, the duct areas shown

in figure 5-40 are obtained. These curves represent the areas available for a plenum-type

system similar to the baseline described in section 5.4.2. These and similar data generated
for the independent duct system (also described in section 5.4.2) were used as a basis for

duct pressure and available thrust studies presented in section 5.4.5.

The effect on available plenum system duct area of locating the rear wing spar at 50%
and 55% is shown in figures 5-41, 5-42, and 5-43 for the planform range studied. For the

plenum system the available duct area increases with sweep angle and decreases as the spar
moves rearward. Area required for wing loadings of 80, 90, and 100 lb/sq ft are shown based

on the system described in section 5.4.2 at NPR = 2.0 and AP/P F of 15%. The revised base-
line design point discussed in section 5.3.1 is identified in figure 5-43 (6.5 apsect ratio, 25*

sweep), which shows a possible shift of the rear spar to 52% to 53% or, alternatively, an

increase in wing loading approaching 90 lb/sq ft with a change to 30* sweep at 6.5 aspect
ratio.

At aspect ratio 5.5, figure 5-42, a sweep angle of 30 ° would provide 95 lb/sq ft wing

loading with the rear spar at 50% chord; at 80 lb/sq ft wing loading, the rear spar could be

shifted to 54% chord. Similar trends are shown for aspect ratio 5.0. However, as discussed in

section 5.3.1, the airplane weight advantage would not be significant for this aspect ratio.

A preliminary assessment indicates that the effect on wing weight of rear spar location

in the 50% to 60% chord range is less significant than the effect of higher wing loading pos-

sible with the 5(Y;_ location. An evaluation in greater depth of the effect of rear spar loca-

tion on wing weight will be necessary to establish the optimum compromise.

Figures 5-44 and 5-45 show available and required areas for an independent duct sys-
tem with 27% cross-body flow as in the scheme described in section 5.4.2 with 2.6 NPR.
• i)'_ _._,_._ ._n_l,ac, ,"_1" _g'_._A "2/'_ 0 _t_ _.,_.1 .._- ..... 4- ._*:_ _.¢ _" _ _.-I _ _" TI... :--,..-
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TABLE 5-1.- WING PLANFORM 4REA STUDY

(S = 2200 SQ FT SECTIONS A T b/2 -- 27%)

Chordal

Depth, in. length, in. Area, sq in. Overall
50% 62.5% 75% 50- 75% 50- 75% chord

J_ A_ chord chord chord chord chord length, in."

20 ° 5.0 36.2 31.5 23.9 75.7 2320 300

37.4 31.5 23.6 78.2 2430 313

5.5 34.8 30.3 23.3 72.0 2140 288
35.6 30.3 22.0 75.0 2210 300

6.5 31.6 27.8 21.8 65.3 1770 261

32.7 27.8 23.3 68.8 1870 275

25° 5.0 39.7 34.3 26.5 72.7 2460 291

40.3 34.3 25.2 78.2 2650 313

5.5 38.1 33.0 25.5 69.5 2240 277

38.9 33.0 25.3 75.0 2430 300

Baseline 6.5 34.5 30.1 23.2 63.6 1955 254
35.6 30.1 22.1 68.8 2045 275

30 ° 5.0 42.6 37.3 28.6 70.0 2570 280
44.0 37.3 27.5 78.2 2880 313

5.5 41.2 36.0 27.6 66.9 2420 267

42.2 36.0 26.6 75.0 2650 300

6.5 37.6 33.0 25.0 60.8 1970 243

38.8 33.0 24.1 68.6 2330 275

35 ° 5.0 46.0 40.5 31.2 66.1 2620 264

47.8 40.5 29.8 78.2 3120 313

5.5 44.1 39.0 30.3 63.5 2420 254

46.1 39.0 28.6 75.0 2870 350

6.5 40.7 36.0 27.2 58.1 2030 230

42.2 36.0 26.4 68.8 2430 275

*Overall chord length perpendicular to 50% chord plane, streamwise

relation of the blowing nozzles from opposite engines dictates a side-by-side arrangement of

the ducts similar to that shown in the section views on figures 5-44 and 5-45. Thus, the

greater duct area is available at the lower sweep angle where the fore and aft dimension is

longer. The effect of increasing the fore and aft dimension was examined by assuming the

rear duct limit at 72.5% chord (2.5% shorter flap chord).

This shows a substantial increase in available duct area and indicates (fig. 5-44) that a

solution would be possible at about 71_ chord in the 6.5 aspect ratio, 25* swccp wing. Tile

more favorable fore and aft dimension of the 5.5 aspect ratio wing would permit a solution

with the rear duct at 70% chord for the assumed 80 Ib/sq It wing loading or alternatively

would allow a higher wing loading with a more rearward duct limit.

23



As lift coefficient may be very sensitive to flap chord, fl_rther trades are necessary to

assess thrust required and establish the net effects on installed system weight. The effects of

duct system flow loss, augmentor nozzle pressure ratio, and comparison of installed thrust

available for plenum and independent systems are discussed in section 5.4.5.

5.4 DUCT SYSTEM STUDIES

5.4.1 Duct System Concept Evolution

The air distribution system of the initial baseline reference configuration described in

section 5.2.1 was derived through a series of exploratory point design layouts, which were

directed toward providing full 50% cross-body flow with independent ducts. A nozzle pres-

sure ratio of 2.0 was set as a goal to provide maximum potential for community noise
control.

The appendix contains a series of drawings that are representative of the various con-

figurations studied. They include a version with independent cross-body ducts in the wing

leading edge, LO-AWNP-001 (which left insufficient space for stowing the leading edge

device) and versions of concentric ducts at two pressure levels, LO-AWNP-003 and 004. The

concentric ducts are considered undesirable primarily from the safety inspection standpoint.

Versions of interconnected (plenum) systems were examined including variable aug-

mentor nozzle concepts to address the problem of rematching the nozzle to avoid overarea

with an engine-out condition, LO-AWNP-O05,006, 007, and 011. If the nozzle area were

not adjusted, the resulting thrust loss would be 8% to 15% of the remaining three-engine
thrust.

The complexity of the variable augmentor nozzles led to consideration of the plenum

concept with subducts that carry blowing nozzles to handle the equivalent airflow of one

engine and that are valved off the line upon loss of power from one engine.

Drawings LO-AWNP-008 and 012 are representative of attempts to incorporate this

concept. In LO-AWNP-008, the subduct was limited to the inboard flap only and caused

excessive reduction in the local blowing coefficient when shut off. In both systems the ducts

were integrated with each other and with their supporting structure. An independent bridge-'

work structure shown in LO-AWNP-009 was used to support the flaps from the rear wing

spar.

Further refinement of the duct structural concept to provide circular duct sections

with independent support structure resulted in additional constraints on duct area. Subduct

blowing was limited to the inboard and outboard flaps to retain sufficient cross-flow area

between engines with subducts valved off. This concept, LO-AWNP-017, together with the

diverter/check valve arrangement of LO-AWNP-019, was adopted for the baseline study

reference as described in section 5.2.1. The design nozzle pressure ratio of that system is 2.0

Continuing effort to establish an independent duct system concept by varying the aug-
mentor nozzle pressure ratio as well as the amotmt of cro_s-body flow is described i:: section

5.4.2. Drawing LO-AWNP-026 is representative of the general arrangement of such a system,
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having a nozzle pressure ratio of 2.2 and 27(_ cross-body airflow. However, additional space

allowance is needed for duct support structure. The probable results of such space allow-
ante are discussed in sections 5.3.2 and 5.4.5.

5.4.2 Alternate Duct Systems

Preliminary evaluations were made of alternate duct system configurations that would

collect the engine fan air and deliver it to the appropriate blowing nozzles. The alternate

configurations included completely separate engine and duct systems and plenum systems

wherein the fan air from all four engines was supplied in parallel to a single duct system. The

baseline airplane selected for the evaluation was the model 751-103 powered by P&WA

STF-369C turbofan engines Isec. 5.5.2).

5.4.2.1 Completely Separate Engine and Duct Systems

Tile completely separate engine and duct system configurations provide separate

independent fixed fan air nozzles for each engine. The primary advantage is that the prob-

lems associated with engine interactions caused by an inoperative engine and different

engine dynamic response characteristics are eliminated. The primary disadvantages arc the

duct system complexity resulting from limited spacing for duct runs and potential asym-

metric rolling moments resulting from an inoperative engine.

Three configurations were studied. These included semispan with no cross-body flow,

27.5% cross-body flow, and 50% cross-body flow. Pertinent features of each configuration
are as follows:

Semi-span with no cross-body f/ow.-Each engine provides its fan air to an independent

separate nozzle that spans the associated wing (e.g. left engine(s)-left wing). No airflow is

ducted across the fuselage to the other wing. The configuration results in an engine-out

rolling moment coefficient equivalent to an externally blown flap airplane (fig. 5-46). This is

not considered acceptable for the augmentor wing STOL airplane studied. A typical system

configuration is shown in figure 5-47.

Twenty-seven and one-half percent cross-body flow. -The duct and nozzle systems are

configured such that 27.5% of the total attgmentor nozzle flow on each wing is provided

from the engines on the opposite wing. In addition, the duct system is arranged to partially

alleviate the rolling moment resulting from an inoperative engine. A typical configuration is

shown on figure 5-48. (A plenum system to provide balanced leading edge and aileron blow-

ing with a 20% of the total fan flow is included in the figure. This shows how the leading

edge blowing and balanced aileron blowing might be incorporated.) Preliminary study
results show that the engine-out roll moment requirement is within the capability of the

airplane, and therefore additional lateral control system capability and associated weight
would not be required with this duct system configuration.

Fifty percent cross-body flow.-Tile duct and nozzle systems are configured such that

50% of each engine's augmentor nozzle flow is supplied across the body to the opposite

wing. in addition, the ducting is arranged to alleviate the rolling moment resulting from an

inoperative engine (fig. 5-46L A typical confi_zuration is shown in figure 5-49.
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The50';4cross-bodyflow systemcouldeliminateall lateralcontrolrequirementsresult-
mgfronl lift asymmetrywith aninoperativeengine.However,theaugmcntornozzlepres-
,ttreratio requiredisexcessive.Thereferenceairplanewouldrequireanozzlepressureratio
0,fapproximately3.3 to achievetherequiredthrustwithin theavailablebaselinewingduct-
mgenvelope.Theresultingnoiselevelwouldexceedthe95-dBobjectiveselectedfor the
• Itldy. Therefore. this configuration is considered unacceptable unless means are found to
reduce tile noise level to acceptable limits.

5.4.2.2 Plenum (Interconnected) Duct Systems

The plenum systems are duct configurations wherein the engine fan air from all of the

_-ngmes is supplied to a common duct and nozzle system. The plenum systems were evalu-
._tcd with fixed-area nozzles, variable-area nozzles, and subduct nozzle area control. The

t l,_¢d-arca nozzle was eliminated because of incompatibility with the engines with one or

m_,re engines inoperative. The incompatibility is caused by fan nozzle overarea, which

t,_tdt_ in an excessive thrust loss and potential engine mismatch. The variable-area nozzle

,,_nligurations were in general not acceptable. They did provide the capability to rematch

t.*a¢engine fan nozzle area, but the weight and mechanical complexity required to provide
_jrtable nozzle area were judged to be excessive.

A typical variable nozzle design was discussed in section 5.4.1. The subduct nozzle

t_ ,tom provides for engine fan nozzle rematch during engine-out operation by shutting off

_,:,l|,m, of duct with 25% of the total nozzle area. A typical configuration is shown in figure

"-_O 1"he rolling moment is essentially balanced for both normal and engine-out operation
0f:l 5-.1_. Because of the relatively simple means used to control nozzle area. and the

_b:htv to retain a high level of performance with an inoperative engine, this configuration

J_ _'!¢¢ted for the baseline airplane.

Bl,_wing system performance, Cla, is shown in figure 5-51. Nozzle area distribution and

•-_jtrncnlor duct sizes for the airplane are included in figure 5-50.

5.4.2.3 Potential Augmentor Airflow and Engine Surge Control Problems

I heine-interconnected duct system concepts have significant unresolved control prob-

k _n_ mhl, ll increase the technical risk of the augmentor wing airplane. The following control

_, '*_,-m_ _ere identified during task I with engine-interconnected systems:

I D Prevention of engine surge during dynamic or steady-state conditions restdting

trmm a drop in engine rpm of one engine relative to the other three.

:_ Inadvertent closure of one or more subduct valves (nozzle underareaL which

dme_ all engines toward surge.

IJ Ik'tedion ofan engine failure to signal all subduct valves closed to preclude noz-
#k" _wrJrea and excessive thrust loss.

_' ¢*_,ntrt_l logic for diverter valve operation considering flap position, engine power,

_ItaJlaln lime. and "flow area" variation during valve :nove:ne:,.t.



Withtheexceptionof diverter valve control, the independent duct system concepts are

exempt from these control problems, and consequently provide less technical risk for a
STOL airplane.

The identified control problems will be further evaluated during tasks !1 and 111 of tile
augnlentor wing contract.

5.4.3 Engine Spacing

The effect of engine spanwise location on the wing was examined to establish the

optimtnn locations from the standpoint of duct area requirements in the critical flow areas

adjacent to the main delivery pipe junction. A plenum system with full-span subducts and

constant spanwise blowing coefficient was assumed to permit a parametric approach. A

comparison of the assumed blowing distribution with the baseline system in terms of the

ratio of blowing nozzle height to chord length is given in figure 5-52.

The results of the study are given in figure 5-53, which shows that the inboard engine
location may range from 48% to 55% b/2 while the inboard engine could be located as far

outboard as 30% b/2 with equivalent duct constraint (equal flow Mach number at the

critical duct cross-section). A cursory review of wing flutter constraints indicates that these

ranges of engine locations would permit an acceptable solution.

5.4.4 Engine-Out Rolling Moment

The criterion that the airplane must reach a bank angle of 6*within one second of

application of full lateral control requires that the lateral control system have a capability of

C L = 0.13. A 30-kn crosswind landing will require C L = 0.09. The recommended limit
engine-out rolling moment of 0.04 shown in figure 5-54 on engine-out 30-kn crosswind land-

ing would require C L = 0.13.

The roll moments due to engine-out are also plotted in figure 5-54 for various amounts
of crossover flow between right and left wing ducts. These roll moments were calculated

using a CL vs Cj relationship on a sectional basis with no lift carryover assumptions. A cross-
over of at least 25% is needed to avoid the necessity to oversize the lateral control system to

handle engine-out rolling moments.

5.4.5 System Pressure and Pressure Loss Studies

The baseline system pressure loss has been established as approximately 15% of total

fan discharge pressure. This includes the losses from the fan face to the augmentor nozzles.

The equivalent fan thrust loss is 9%, excluding the nozzle velocity loss coefficient. Most of

the pressure loss occurs in the fan air collector duct and the wing ducts. The divertcr valve,

which accotmts for I/4 of the loss is required to shift from the augmentor nozzles to the

engine fan nozzles. The loss summary is shown in figure 5-55. The effects of varying dif-
ferent parameters are described in the following paragraphs.
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5.4.5.1 Duct Pressure Level

Ihghcr pressure levels in the duct system result in lower thrust losses for the same

l_-_ccnt,agc duct pressure loss. This is shown in figure 5-56, where a comparison of losses is

ptc_.ntcd for the STF-369C and higher pressure ratio STF-395 engines. The STF-395 is less
•¢n'.ili_,e tO duct system pressure losses.

5.4.5.2 Duct Pressure Losses, AP/P F, at Constant Installed Thrust

If engine-installed thrust and the duct loss velocity head factor, K F, are held constant,
an increase in duct losses would result in smaller ducts and lower duct weight because both

lhe airflow and duct internal flow velocity would increase. However, the engine bare weight

and installed pod weight would increase because a larger uninstalled engine would be

rLquired. These characteristics are shown in figure 5-57 for the STF-369C. If the sum of the

engine pod and augmentor duct weights is compared against the duct pressure losses, the

minimum augmentor system weight is obtained when AP/P F is approximately 6'/(fig.
5-58k However, insufficient duct volume exists within the baseline wing planform to take

advantage of this characteristic. The significant parameters for the above comparison are

presented in table 5-2. In addition, the effects of AP/P F on bare engine thrust-to-weight
ratio are shown in figures 5-59 and 5-60 for the STF-369C and STF-395. respectively. The

higher pressure ratio STF-395 engine is less sensitive to duct AP/P F than the STF-369C but
is approximately 30% heavier for the same thrust.

5.4.5.3 Wing Planform Effects

Increasing wing sweep angle and decreasing wing aspect ratio provides more wing

volume and consequently more duct flow area for a constant wing area. This characteristic,

based on design layout studies, is shown in figures 5-61 for a plenum system and figure 5-62

for an independent duct system. These data indicate that a 5.5 aspect ratio and 30* sweep,

provide maximum duct flow area AD/S, and maximum wing nozzle area. A*/S, for a
plenum duct system. Maximum duct and nozzle area for an independent system results with

a 5.5 aspect ratio and 25* sweep.

The effect of wing planform changes on installed thrust per square foot of wing area

(T/S)in is shown in figure 5-63 for the subduct plenum system. Installed (T/S)in vs AP/P F
for varying aspect ratio and constant sweep (25*3 is shown in figure 5-64 for the STF-369C

and 5-65 for the STF-395 engines. It can be concluded from these data that a maximum.

Cl'/S)in can be attained for a particular wing planform by increasing augmentor nozzle area,

A*/S. The augmentor duct pressure loss, AP/PF, increases with increasing A*/S due to
higher duct Mach number.

5.4.5.4 Augmentor Wing Blowing System and Airplane Aerodynamic Relationships

To establish the relationships between the augmentor wing airplane aerodynamics and

blowing system dynamics, the lines of constant (T/S)unin corresponding to a tmique AP/P F
.tte plotted on the airplane thumbprint for 6.5 aspect ratio and 25°sweep (fig. 5-66).
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The gross weights shown on the thumbprint were computed on the basis of constant

engine thrust-to-weight ratio where AP/P F = 15%. Therefore, the airplane gross weight must
Ix' adjusted to compensate for increments of engine weight when the duct system losses are

not equal to 15%. The method used to adjust airplane gross weight is shown in table 5-3.

Adjusted airplane gross weights versus installed thrust-to-weight ratio (T/W)in and installed
thnist per square foot of wing area (T/S)in for a constant 2000-ft takeoff ficld length are

given in figure 5-67 for the STF-369C and 5-68 for the STF-395 engine.

The effect of nozzle pressure ratio (NPR) on wing loading capability with a plenum

duct system is shown in figure 5-69 for a wing planform of 6.5 aspect ratio, 25*sweep and

tn figure 5-70 for 5.5 aspect ratio, 30* sweep. It is noted that the lower aspect ratio and

higher sweep (30 °) result in higher wing loading at constant NPR. (NPR lines and equivalent

ride quality line is shown in fig. 5-71 as a function of aspect ratio with constant sweep

125_1p. The effect of NPR on wing loading capability with an independent duct system (27%

crossover) is shown in figure 5-72 with 5.5 aspect ratio, 25*sweep. Engine NPR data were

obtained from engine cycle studies conducted for 1978 technology. Installed thrust (T/S)in
,_ wing nozzle area, A*/S, is shown in figure 5-73 for NPR = 2.2, 2.4, 2.9.

The following conclusions for a wing aspect ratio of 6.5 and sweep of 25* were drawn
from this section.

I) An augmenter wing airplane with characteristics shown in figure 5-66 with

STF-369C engines could be designed with a wing loading factor from approxi-

mately 62.2 lb/sq ft to approximately 89.3 lb/sq ft. The higher wing loading

results in lower gross weight. The minimum weight airplane would result from a

total augmenter duct system pressure loss of approximately 25% for the
STF-369C engine and 15% for the STF-395.

2) The STF-395 engine cycle provides much higher wing loading capability. How-

ever, airplane gross weight may not be lighter since the thumbprint gross weight

lines in figure 5-66 are based on the airplane structural weight associated with the

higher thrust-to-weight ratio of the lighter weight STF-369C engine. The method

used to adjust gross weight shown in table 5-3 provides a general approximation

for both duct losses and engine weight. To further refine the engine/airplane

match, it would be necessary to recalculate the thumbprint for each duct system

loss variation and each engine cycle.

5.5 ENGINE CYCLE STUDIES

5.5.1 Introduction and Scope

l=ngine studies have been concerned with two main topics. The first has been the study

and application of augmenter flap engines designed by Pratt & Whitney and Rolls-Royce.

|hi- w¢ond has been a parametric engine study in which thermodynamic engine cycles with

the mine primary jet noise base were established. Approximate weight and size for these

,_, le engines were also calculated. Additional side studies have included cycle definition of

-" ;-0,-_ifc:,m engine with 60% blowing thrust and an investigation of thrust loss reduction,

urMef pk'num system engine-out conditions, by use of a splitter through the fan concept.



TABLE 5-3.-AIRPLANE GROSS WEIGHT ADJUSTMENT FOR ENGINE WEIGHT

INCREMENTS

(T/W)unin

STF 395 .407

engines .443
.471

.486

.495

STF 369C .361

engines .387
.405

.418

.422

W/S, (T/S)in, T, GW, AP/P F,

(T/W)in Ib/sq ft Ib/sq ft Ib Ib % T/W E

.352 82.0 28.9 73,630 209,170 6 4.58

.383 96.5 37.0 76,450 199,600 10 4.52

.407 107.2 43.6 80,110 196,830 15 4.46

.420 113.0 47.5 82,240 195,800 20 4.34

.428 116.0 49.6 83,670 195,500 25 4.22

.312 62.2 19.4 75,000 240,000 6.2 5.40

.335 73 5 24.6 74,040 221,000 10.5 5.28

.350 81.0 28.4 73,500 210,000 15 5.15

.362 86.5 31.3 74,280 205,200 21.7 4.94

.365 88.2 32.2 74,510 204,150 25 4.81

AGW,

Ib

4,470

5,190
5,980

7,500

8,970

-1,750

-860

0

1,550

2,530

GW'0

Ib

213,640

204,790

202,810

203,300

204,470

239,250

220,140

210,000

206,750
206,680

Symbol definitions:

(T/W)unin -

(T/W)in -

W/S -

(T/S)in -

T

&P/PF -

(T/WE) -

AGW -

_GW =

_GW =

GW e

Uninstalled thrust/weight ratio

Installed thrust/weight ratio

Wing loading

Installed thrust/sq ft (2,000-ft takeoff field requirement)

Installed thrust required

Augmentor duct pressure loss(AP/P F ==_(T/S)in

Engine installed thrust/weight ratio (AP/P F =_(T/W E)

Corrected gross weight basedon engine installed (T/W E) relative to thumbprint thrust
installation factor

2.5 (A engine weight)

2.50TIlT/WE) R L 1, IT/WE) R = 5.14N (STF 369C at Ap/p = 15%1

Airplane corrected gross weight

A
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5.5.2 System Design Study Engines

5.5.2.1 STF-369 and STF-395 Engines

The STF-369 and STF-395 are the two principal engines designed by Pratt & Whitney

t,,¢ application to an augmentor wing airplane, with all the fan or secondary air going to the

,_,t_ [k_th engines are dual rotor, unaugmented axial flow turbofans incorporating a scal-
_bk- advanced engine high spool. The engines provide approximately 20,000 lb of takeoff

thfu,t, flat rated to 90*F at sea level, and have a maximum flight Mach number capability

of I O.

l_th engines were designed to achieve low primary jet and forward arc fan inlet noise

k-_t'l,. Tile noise target was 95 PNdB, for four engines at a 500-ft sideline at 100 kn. Our

¢,lllltates for the noise of these engines indicate that the target was not achieved.

The basic cycle parameters for these two engines are, for sea level static, standard day

,onditions:

STF-369:

STF-395:

Fan pressure ratio = 2.45

Bypass ratio = 2.5

Overall pressure ratio = 19.6

Fan pressure ratio = 3.0

Bypass ratio = 1.82

Overall pressure ratio = 24.0

The noise estimates (1971 -72 technology) with four engines, 500-ft sideline, 100 kn,

,landard day are:

STF-369 Inlet noise = 116.5 PNdB (basic)

-- 96.5 PNdB (choked)

Primary jet =96.5 PNdB

Augmentor jet flap = 109 PNdB (basic slot)
= 94 PNdB (suppressed)

STF-395: Inlet noise = 113 PNdB basic)

= 93 PNdB (choked)

Primary jet = 99.0 PNdB

Augmentor jet flap = 114 PNdB (basic slot)
-- 97 PNdB (suppressed)

Their physical characteristics are:

STF-369: Length = 91.6 in.
Diameter = 55.5 in.

Weight = 3065 lb

STF-395: Length = 102.5 in.

Diameter = 54.5 in.

Weight = 4080 lb

[he STF-369 employs a two-stage fan and the STF-395 a four-stage fan.



A full airplane configuration has not been done using the STF-395 engines. T.he

STF-369 and its derivatives have been the only two-stream engines matched to an aug-

mentor wing airplane.

The baseline engine, designated the STF-369C, is a derivative of the original P&W

STF-369 with adjustments made by Boeing to meet the noise requirements. This amounted

to increasing the bypass ratio to 2.6 to lower the primary jet noise to 94-95 PNdB, and add-

ing an inlet guide vane (IGV) in front of the fan with the supposition that this device would

reduce the forward arc fan inlet noise to the desired level. Reference should be made to sec-

tion 5.2.1 and figure 5-9 for baseline airplane noise estimates. The weight allowance for the

IGV amounted to 8% of the bare engine weight and the increment on length was estimated
to be 12 in.

Some of the principal performance characteristics of the STF-369C and STF-395 are

given in table 5-4. Installed performance figures were generated by Boeing using computer-

aided cycle simulation techniques. Basic P&W performance estimates may be found in

references 5-5 and 5-6.

TABL E 5-4.-PERFORMANCE CHA RA CTERISTICS

Parameter STF'369C STF-395

Uninstalled SLS thrust

Maximum cruise SFC, installed

(30,000 ft, 0.8 Mach, 100% primary

nozzle area)

Uninstalled thrust/weight (SLS)

Uninstalled thrust/total airflow (SLS)

Installed secondary/total thrust (SLS)

Installed maximum cruise/SLS takeoff

uninstalled thrust

% Installed loss, SLS thrust

20,000 Ib

0.867

5.93

37.9

0.79

a0.228

14%

20,000 Ib

0.869

4.99

42.4

0.716

0.232

11.5%

aActual ratio required for baseline airplane (3% higher than P&W's original maximum cruise rating); new

airplane/engine requirements will likely decrease this value, seesection 5,3.1.

F,_rther performance data are shown in figures 5-74 through 5-77.



5.5.2.2 RB-419 Type Engines

The Rolls-Royce RB-419 family of engines uses what is known as the three-stream con-

cept. this term originating from the fact that, in addition to the conventional primary and

secondary exhaust streams, a large quantity of continuous air bleed is taken from the exit of
the IP compressor to be used as blowing air for lift augmentation devices.

Rolls-Royce Ltd. has supplied Boeing with performance data for one particular engine,

the RB419-01, reference 5-7, and for a parametric family of engines, reference 5-8. Since

the RB419-01 delivers a quantity of blowing air that is consistent with the requirements of

the augmentor flap airplane, the characteristics of this particular three-stream model will be
de_-ribed. Reference should be made to section 5.6 to see how this engine is matched with

.an augmentor system and an augmentor flap airplane.

The RB419-01 is a two-spool geared fan that develops a minimum uninstalled takeoff

thrust of 19,190 lb at sea level static conditions and is flat rated to 86"F. A blowing air

mass flow of 159 Ib/sec is extracted from the IP compressor exit at a pressure ratio of 3.0

and, at this exit plane (i.e., not accounting for duct losses), is equivalent to 7470 lb of

thrust, which is 39% of the total thrust. The bleed air is diverted to a rearward-facing pro-

ix'lling nozzle during cruise and can be diverted to a forward-facing nozzle to facilitate
thrust reversal after touchdown. A reduction gearbox is incorporated between the inter-

mediate compressor and the single-stage LP fan. This permits the operation of the fan at a

low tip speed optimized for minimum noise generation. The fan is of a variable pitch design

_hich. in combination with an automatic adjustment to the engine control system, allows

thrust modulation on approach over a very wide range while maintaining constant bleed

._arflow and pressure. The fan may also be used to supply reverse thrust down to 0 kn. The

IP compressor is comprised of four stages and, along with the coupled fan, is driven by a

t_o-_tage low-pressure turbine. The eight-stage high-pressure compressor is driven by a
_ngle-s'tage high-pressure turbine. The combustion chamber is of annular construction.

@

The engine thermodynamic cycle is arranged such that the gas generator exhaust veloc-

Ity, is low (900 ft/sec). Boeing calculations estimate this to give 96 PNdB for four engines at
•r_O-ft sideline (see sec. 5.6.4). Further details on the RB419-01, scaled to a sea level static

unto,tailed thrust size of 20,000 lb for comparison with the STF-369 and STF-395, are

h_lcd below. Items marked with an asterisk entail Rolls-Royce estimates for losses due to air

t,k'ed from HP compressor, power from HP shaft, IP bleed duct pressure loss, and acoustic

taratment in air intake and fan delivery duct.

Bare engine weight = 4290 lb

Unto,tailed thrust/weight = 4.66

t'nm_talled thrust/total airflow = 26.3

t.;nm_talled maximum cruise SFC = 0.73 lb/hr/lb (30,000 ft, Mach 0.8)
I-'nm,talled maximum cruise thrust = 4770 lb

"In_taUed maximum cruise SFC = 0.778 lb/hr/lb
"in,tailed maximum cruise thrust = 4290 lb

Inttalk.d maximum cruise/SLS takeoff uninstalled thrust = 0.214
_'_; m_tallation loss, SLS takeoff thrust = 6.7%

A
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Comparing the three-stream concept, represented by the RB419-01, with that of the

two-stream concept represented by the STF-369 and STF-365, the following is observed.

The thrust/weight and thrust/total airflow ratios are better for the two-stream engines. The

three-stream engine has a lower maximum cruise SFC than the two-stream engines-even

when the two-stream engine employs a variable primary nozzle area (estimate for the

STF-369C is 0.818 lb/hr/lb at 65% area). The two-stream thrust lapse rate is less than that

of the three-stream engine, although not significantly so. The sea level static thrust installa-

tion loss is considerably less for the three-stream engine, principally due to the smaller

quantity of blowing air subjected to duct pressure losses.

The parametric family of three-stream engines produced by Rolls-Royce. with varying

quantity of blowing thrust, will not be discussed in detail. Pertinent curves of performance

data for the whole family are included, however, in figures 5-78 through 5-81. Due to the

parametric nature of the study, the cycle parameters at 39% blowing thrust do not compare

exactly with those of the specific RB419-01 engine design.

5.5.2.3 60% Thrust Split with Two-Stream Engine

A study was performed to ascertain whether it is possible to reduce the secondary/total

thrust split from the presently typical 80% to about 60% and still obtain an engine that is

both practical and quiet.

Use was made of a P&W parametric augmentor wing engine study, reference 5-9, and of

their performance, noise, and weight results for a series of engines with the same fan pres-

sure ratio, 2.45, but varying bypass ratio and turbine inlet temperature. The STF-369 engine

was one of these engines and, in fact, it was from this particular parametric study that P&W

selected the STF-369 cycle as the best suited for augmentor wing application.

A plot of primary jet noise versus bypass ratio for varying design turbine inlet tempera-

tures is shown in figure 5-82. Lines of constant thrust split and relative weight are also

shown plotted in the figure. It is seen that the lowest turbine inlet temperature considered

by P&W, 1800* F, was too high to give a 60% thrust split and achieve a low enough primary

jet noise as well. Additional cycles were therefore examined at lower turbine inlet tempera-

tures. These are shown as cycles 1,2, and 3 in figure 5-82. The noise and performance

estimates for these cycles and the STF 369 are listed in table 5-5.

From P&W's weight trends, engines 1,2, and 3 would probably be in the relative

weight range of 1.5 to 1.7 times the weight of the STF-369.

The large increase in bare engine weight and the large increase in cruise SFC, associated

with achieving a thrust split of 60% in conjunction with acceptable primary jet noise, would

cause a very large increase to the airplane TOGW. This would certainly outweigh any
advantage gained by the reduced wing weight occasioned by the reduced wing airflow.

A
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TABL E 5-5.-COMPA RISON OF VARIOUS THRUST SPL I T CYCLES O

Engine

P
1

2

3

STF- 369

Standard

day T4,=F

1190

1300

1250

2220

8PR

Thrust

split, %

0.82 61.7

1.05 65.4

0.9 60.5

2.5 77.0

Primary jet noise,

PNd8 +2

91.0

94.0

95.0

95.5 P&W)

Cruise SFC,

Ib/hr/Ib

0.926

0.81

5.5.3 Splitter Through Fan Concept

A study was undertaken to see whether by extending the engine splitter forward

through the fan stages, a reduction could be made in the thrust loss suffered during an

engine-out condition for engines operating on an augmentor wing common plenum system.

A _ummary of the study and further developments since the study will be given here.

With the aid of a thermodynamic computer program, performance data were obtained

for lhe STF-369C cycle for different values of secondary nozzle overarea up to 35%-the

one engine-out case would correspond to a nozzle overarea of 33.3%. Parallel sets of data

v,'ere obtained for a splitter behind the fan and for one running through the fan. The aft

,plitter gave a thrust loss of 26.2% due to nozzle overarea for the engine-out case, whereas

the splitter through the fan reduced this to 4.25%. Thrust and thrust loss variation with noz-

tie overarea are shown in figure 5-83. Fan speed variation is shown in figure 5-84 and bypass

ratio variation in figure 5-85. The splitter through the fan effectively keeps the primary air-

flow disassociated from changes in the secondary stream, and this is reflected by the almost

constant bypass ratio and fan speed increase.

P&W's estimate of the thrust loss due to secondary nozzle area mismatch of 33.3% wa_

15"_. After the study, P&W were requested to consider this concept and either verify the

results or prepare some other way of dealing with the thrust loss using innovative engine

d_ign methods.

Although no formal report of their results has been received from P&W, they have

indicated that the concept is valid. However, they state that the mechanical complexity of

Ihe design does not warrant further detailed analysis in the light of new evidence about aft

_litter designs. P&W have stated, on the basis of a review of test data obtained from TF30

and JTF20 engines, that the fan root pressure drop due to an increased fan nozzle area is

not so large as was originally thought. Consequently, P&W now estimate the thrust loss to

be only 7.5% or half of their original estimate and conclude that it is not worthwhile to

employ a splitter through the fan to try to eliminate this thrust loss.

O



P&W have been requested to study the weight penalty and other effects associated with

having an emergency rating (increase in T4) to cope with supplying 7.5% more thrust per
engine when one engine goes off the plenum.

5.5.4 Parametric Engine Cycle Study

5.5.4.1 Introduction

The object of the parametric engine study was to produce a family of engines that

could be used as a basis for augmentor wing propulsion system and airplane configuration

trade studies. The whole family uses the device of passing all the secondary fan air of a dual-

spool, turbofan engine to the augmentor wing. The engines are conventionally configured

with two-shaft turbomachinery consisting of a fan, high-pressure compressor, and high- and
low-pressure turbines.

The variables studied were fan pressure ratio, overall pressure ratio, and turbine inlet
temperature. Of principal interest is the fan pressure ratio because it has a direct effect on

the augmentor nozzle and wing duct system design.

Performance, noise, weight, and size data were generated for nine engine cycles, all of

which satisfy the basic ground rule of a 90 PNdB primary jet noise level with four engines at

a 500-ft sideline. Four cycles examine the effect of varying the fan pressure ratio in the

range from 2.2 to 3.6; three are used to investigate an overall pressure ratio range from 18 to

30, and the remaining two examine turbine inlet temperatures +200*F about the expected
1978 technology value.

5.5.4.2 Method of Analysis

Performance data.-To put all the engines on the same primary jet noise base, it was

necessary to use one cycle parameter for varying the amount of energy extracted from tile

primary stream. The bypass ratio was used for this purpose. The bypass ratio that met the

primary jet noise requirement was established for each engine by first running three cases

with bypass ratios that gave three noise values about the target value. By interpolation, the

exact bypass ratio required was found and the performance data for the fully defined cycle

was then generated. The nine engine cycles that meet the 90 PNdB primary jet noise
criterion are defined in table 5-6.

Initially it was not known whether to make the fan of engine 1 three or four stage and

that of engine 3 two or three stage. A side study was therefore performed to examine the

alternatives before making a selection. This side study is reported in section 5.5.4.3.

The performance data for the above nine engine cycles were generated using computer

program GSA, reference 5-10. In addition to the design point performance, off-design data

were generated which included installed sea level performance at takeoff power setting and
speeds to 150 kn, sea level installed part power performance at 80 kn, and installed and
uninstalled cruise performance at 30,000 ft, Mach 0.8.

The terms "installed" and "uninstallcd" art, used on the basis of the following assumptions.
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Uninstalled:

Ram recovery = 100%

No external bleed or power extraction

Fan duct total pressure loss ratio, '_P/PF = 0.02

Primary nozzle C V = 0.99

Secondary nozzle C V = 0.987

Installed:

Ram recovery = 97% sea level, sonic inlet engaged

= 99% cruise, sonic inlet retracted

External bleed = 0.93 lb/sec sea level

= 0.72 lb/sec cruise

IThe customer bleed port was established on the high-pressure compressor at a pressure ratio

of approximately 3.5 at sea level static takeoff thrust).

Power extraction = 225 HP sea level

= 50 HP cruise

Fan duct pressure loss ratio, AP/PF = 0.15 sea level
= 0.05 cruise

Primary nozzle C V = 0.99

Secondary nozzle C V = 0.965 sea level, augmentor nozzle
= 0.987 cruise nozzle

@

TA BL E 5-6. -D EFINI TI ON 0 F BA SIC C YCL E CHA RA C TER IS TICS

Engine cycle number FPR a OPR b Bypassratio Design T4, °FC Maximum T4, °Fd

2395I

2

3

4

5

6

7

8

9

3.6

3.0

2.75

2.2

2.75

2.75

22.0

22.0

18.0

26.0

30.0

22.0

22.0

1.85

2.32

2.60

3.4

2.71

2.44

2.25

2.29

2.82

aFPR "fanpressure ratio

bOPR " overall pressure ratio

CDetJgn T4 = standard day turbine inlet temperature

dMax'mum T4 = hot day, 90* F, turbine inlet temperature

2395

2205

2585

2550

2550

2350

2750

_Q



The engine component technology used in the analysis was consistent with that expected

for a 1978 engine introduction.

Engine weight data.-The weight of each engine was estimated using computerized,

correlated engine data. The estimation uses the technique of predicting the weight of

individual engine components as a function of the corrected inlet airflow to the component.

The component weight-airflow functions were derived by statistical correlation of engine

manufacturers' data for 22 turbofan and turbojet engines.

The weights calculated by this technique are for a i 975 level of technology. To adjust

to that for 1978, an expected weight decrease of 5% was assumed for this 3-year period.

Engine size data.-An engine-sizing computer program was used to calculate the major

dimensions of the parametric engines. This program has been in use for about 1 year at

Boeing and the majority of its assumptions are considered valid for this study. The major

assumptions used are as follows:

Fall:

a) Specific corrected weight flow at design point = 41.0 lb/sec/sq ft,

b) Design point hub loading parameter for first rotor stage, (2g JAh)/U-hu b) = 3.2

where: Ah is the stage enthalpy rise, Uhu b is the wheel velocity at the wheel hub,
and J is the mechanical equivalent of heat

c) Rotor aspect ratio = 2.5, stator aspect ratio = 3.5

d) Mean line stagger angle (angle between chord and axial direction) for rotor = 45*:
for stator = 15*

High-pressure compressor:

Performance and geometry scaled from an advanced engine HPC design

Burner:

Length of burner scaled from an advanced engine burner design

High-pressure turbine:

a) HPT loading parameter, (U'mean)/_gJAh) = 0.3

where: Umean is the wheel velocity at the wheel mean radius.

b) Length scaled by square root of corrected weight flow. An advanced engine single-

stage HPT length and the JT9D two-stage HPT length were used as reference
turbines.
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Low-pressureturbine:

a l Inlet and outlet axial Mach number = 0.4

bt Mean radius same as HPT mean radius

ct Length/mean radius same as JT9D for four stages, linear ratio for more stages

dl Nominal loading parameter per stage = 0.25

Rear frame:

Length assumed to be 6 in. for all engines. Engines sized for sea level static,
standard day, uninstalled takeoff condition.

.'C, ise data prediction and extrapolation.-Noise for these engines was predicted using

method I (ideal jet velocity) of SAE AIR 876 (ref. 5-11). The predicted spectrum derived
from this method is the peak spectrum at a distance of 200 ft off axis. The values of air

absorption used to extrapolate the predicted spectrum were derived from SAE ARP 866

tref. 5-12J, and the calculations of perceived noise levels (PNdB) were based on SAE ARP

s_,5 I refs. 5-13 and 5-14). This procedure was computerized as reported in reference 5-15.

5.5.4.3 Results

Performance.-The performance data are presented mainly in the form of figures that

di,_w the variation of certain cycle characteristics with fan pressure ratio, overall pressure
ratto, and turbine inlet temperature.

The side study to determine the number of fan stages for engine cycles 1 and 3 indi-

,atcd that. using minimum airplane TOGW as the criterion, three-stage fans should be used
[or both engine cycle 1 (FPR = 3.6) and engine cycle 3 (FPR = 2.75). The factors that con-

trolled this decision were bare engine weight and cruise SFC, which in turn were functions

of fan efficiency. A more detailed analysis of fan design, taking into account such things as
for_ard-arc fan noise, maintainability, production costs, and dynamics might indicate a

ddferent decision. Some performance figures show the results for the alternate fan designs.

I'ngine 2 (FPR -- 3.0) has three fan stages and engine 4 (FPR = 2.2) has two fan stages.

]he effects of varying the fan pressure .ratio, overall pressure ratio, and turbine inlet

temperature on the designated cycle characteristics are shown in the following figures:

Characteristic

B_pass ratio

|'nm_talled thrust
Total airflow

.%'condary airflow

Installed cruise performance

l'r..____m_tallcd cruise thrust
I ,,a'_taiicd SLS takeoff thrust

17"_t.dlation effects on SLS takeoff

thrust, cruise thrust, cruise SFC

Figure

5-86, 5-87, and 5-88

5-89 and 5-90

5-91 and 5-92

5-93 through 5-97

•J-JU (_.llU J-_'_

5-100, 5-101, and 5-102

@

A

W



The effects of employing a variable primary nozzle at cruise were investigated. This

entailed shutting down the primary nozzle until the minimunl SFC was ob¢ained. The

results of this study are shown in figure 5-103. The study was done for only one of the para-

metric engines, engine 3 (FPR = 2.75). As the figure shows, for the baseline engine installed
thrust requirement the cruise SFC can be reduced from 0.86 to 0.793 lb/hr/ib by reducing

the primary nozzle area from 100'A to 50%. This is a saving of 7.8%.

Noise.-As an indication of how the engine bypass ratio was obtained to give a cycle

with the desired primary jet noise, reference should be made to figures 5-104 and 5-105.

These figures show plots of bypass ratio vs. primary jet noise for engines of varying fan
pressure and overall pressure ratios.

Figure 5-106 is an example of the final plots of the primary jet noise as a function of
altitude for engine 1 through 4. An altitude of 550 ft is equivalent to a sideline distance of

500 ft. As shown, the engines are within +1.0 PNdB of the target figure of 90 PNdB, four

engines, 500 ft sideline.

Figure 5-107 shows the effects of varying design fan pressure ratio on the augmentor

nozzle 500-ft sideline, four-engine noise level. Two noise levels are shown. The higher level is

for the augmentor nozzle configured as a basic slot in conjunction with unlined flaps. The

lower level is for the augmentor nozzle and flap system fully optimized for noise reduction

according to expected 1978 technology.

Sizing and weight.-The major results of the sizing and weight calculations are given in

table 5-7. The values of the engine uninstalled thrust/weight ratios are plotted against design

fan pressure ratio in figure 5-108 and against design overall pressure ratio and T 4 in figure
5-109. The weight values are for expected 1978 technology.

5.5.4.4 Conclusions and Recommendations

The effects of varying cycle fan pressure ratio, overall pressure ratio, and turbine inlet

temperature will be discussed in turn. The effects will be mainly confined to those on engine
weight, augmentor noise, and cruise performance.

Wing duct volume has a strong influence on wing weight. This produces an incentive to

go to as high a fan pressure ratio as possible. The higher the fan pressure ratio, the lower the

bypass ratio necessary to achieve the required primary jet noise. The low bypass ratio and

high fan pressure ratio give poor cruise SFC performance as indicated by t'igure 5-96. The
SFC is reflected by the cycle overall efficiency, which in turn is the product of the thermal

and propulsive efficiencies. The cruise SFC in figure 5-96 for the design fan pressure ratio of
3.6 is associated with a propulsive efficiency of 0.469, a thermal efficiency of 0.454, and an

overall efficiency of 0.2 i 3. At the other end of the fan pressure ratio range, the propulsive,
thermal, and overall efficiencies for a pressure ratio of 2.2 arc 0.69, 0.349, and 0.24 I,

respectively. The predominating factor is the large increase in propulsive efficiency that
results from the decreased secondary nozzle jet velocity as fan pressure ratio is decreased.

The secondary jet velocity decreases from 1860 to 1477 ft/sec. Even for the lower fan pres-

sure ratio cycle, the overall efficiency is poor. This, however, can be improved upon some-
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TABLE 5-Z-PARAMETRIC CYCLE STUD Y-ENGINE SIZE AND WEIGHT

Engine

cycle

number

14

13

2

3 2

Fan

stages

4

3

3

3

2

HP

turbine

stages

LP

turbine

stages

5

5

5

5

5

5

Fan tip

diameter, in.

49.6

49.7

50.9

51.6

m

54.4

51.4

51.8

52.3

Engine

overall

length, in.

116.7

107.4

111.7

116.3

111.5

114.6

115.1

117.7

Bare

engine

weight

4260

4110

4050

4170

4225

4000

4120

4050

4300

Thrust/

weight

4.69

4.86

4.94

4.79

4.73

5.0

4.85

4.94

4.65

3 2 5 52.1 112.2 4375 4.57

3 3 5 51.4 119.7 3980 5.03

Figure 5-107 shows the increase in augmentor system noise with increasing fan pres-

,a_re ratio, if it is accepted that the augmentor noise should be no greater than the 90 PNdB

of the engine primary nozzle jet, then it follows that the fan pressure ratio should be kept

t_low 2.92, which corresponds to 2.48 at the augmentor nozzle, assuming a 15% duct total

pr¢_ure loss.

Figure 5-108 shows a downward trend in the engine thrust/weight ratio with increasing

f_n pre,_ure ratio. The discontinuity in the engine weights can be partly attributed to

,han¢¢_ in the number of turbine stages. For instance, engine 2 with a fan pressure ratio of

.11o ha_, only two high-pressure turbine stages compared with engine 3 (FPR = 2.75) which

k,_ three. Note also that a three-stage fan engine is lighter than a two-stage fan engine for

c-vn¢ 3. This is attributed to the much higher efficiency of the three-stage fan reducing the

_,_tht of all engine components except the fan, by virtue of a decreased airflow (see fig.

t,b0 b)* an amount greater than the increase in the fan weight. For the fan pressure ratio

| t. ¢:_ffm¢. the increase in fan efficiency in going from three to four stages was insufficient

t .... If_-t the fan weight increase. The downward trend in the thrust/weight curve is slight,

J:'..t _t =t tune, ted that actual hardware engines could possibly show a different type of

t" _J Jcpendmg on the ground rules to which they were designed.

I_., *d_ntages in going to a high fan pressure ratio are a decreased secondary air flow,

,. ( ,a ! , d hll_ht'r crtti*:e thntet £;n,,,r,_ '__O_ _,-,..-I I...... ;,_,.(..,ll,'t-;,._r,, I,",cc_o tC'i,",,t,ra 1 ¢'V"t tit
. . ....... _1.1_¢, II_eS_ ¢ /U 9 tt.ltAlU IUyV_I lllO/¢&llt.ltLlUl& IUJ_._J* ll_l.4l_b, 5 1UU. |'_

", _ the engine maximum diameter and length decrease, as can be seen from table 5-7.



Comparing the fan tip diameter (first rotor) of engines 13 (three fan stages) and 4 shows a
decrcase of 8.5% in going to the higher fan pressure ratio. The lower installation losses will

tend to offset the weight increase trend, but it is probable that the higher cruise thrust

cannot be taken advantage of because of the indication that engines will bc sized by takeoff
require me n ts.

Figure 5-93 shows the installed cruise performance for different fan pressure ratio

engine cycles in detail. The installed cruise thrust required by each engine is not known

accurately, so the corresponding maximum cruise power setting cannot be defined. How-

ever, the baseline airplane thrust requirement is shown.

The conclusion in regard to the effects of varying the fan pressure ratio is that aug-

mentor nozzle noise will probably dictate the upper level to be in the 2.9-3.0 region. It is

recommended that further trade studies be done with the data made available on engine

weight/wing weight/fuel weight/engine installation relationships.

For a given fan pressure ratio, increasing the overall pressure ratio decreases the bypass

ratio required to meet the primary jet noise requirements. The cruise SFC shown in figure

5-97 has a minimum at an OPR of about 22.0, which is also shown in the details of figure
5-94.

Augmentor noise is not sensitive to OPR for a given fan pressure ratio because the

secondary airflow is relatively constant with OPR, figure 5-92.

The increasing weight of the high-pressure compressor as the OPR increases gives a

downward trend in the engine thrust/weight ratio, although not a steep one.

A

The conclusion in regard to OPR effects is that the magnitude of performance, noise.

and weight changes is slight over the range from 18 to 30. Operation in the range from 20 to
24 is preferable, however.

Increasing values of turbine inlet temperature, T4, increases the BPR and although the
total airflow decreases the secondary or wing airflow increases. This increase is relatively

small, however, being 3% over a design T 4 range of 380* F. The cruise SFC shows a small
bucket, although the maximum-to-minimum variation is only I')_ (fig. 5-97). Variation in

T 4, for constant fan pressure ratio and OPR, does not appreciably affect the augmentor

nozzle noise. The principal T 4 effect is the decrease in engine weight as T 4 increases (fig.

5-109). The engine weight decreases by 9% in going from a design T 4 of 2665* to 3045* R.

It is concluded that increasing T 4 is probably beneficial but that investigation of wing
weight changes and SFC effects should be further studied.

It has already been indicated that the results of this parametric study must be con-

sidered together with noise and wing duct system requirements. An in-depth appraisal has

yet to be made, but in the meantime it is worthwhile to specify the most likely range of
engine parameters.
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B_pass ratio = 2.0 to 2.7

Fan pressure ratio = 2.7 to 3.3

fhcrall pressure ratio = 20 to 24

IX.sign T4 = 2665* to 2855* R

iq_e range extremes of these parameters would result in the following approximate

¢_ltm¢ characteristics:

Uninstalled thrust/weight = 5.2 to 4.5

Installed cruise SFC lb/hr/lb = 0.78 to 0.84

I_ilh variable primary nozzle)

Uninstalled thrust/total airflow = 38 to 42

Frontal area (to fan tip diameter), sq ft = 13.5 to 15.0

A summary of the parametric study results is shown in figure 5-110. Six important

, h.,acteristics are plotted against the study independent variables, namely, fan pressure

t_t,_, overall pressure ratio, and turbine inlet temperature. The fan pressure ratio is the

_jftabl¢ with the strongest effect on the engine characteristics, except for the effect on

•"_lrm¢ weight, where turbine inlet temperature predominates. Increasing the fan pressure

tat,) rapidly reduces the secondary airflow and hence duct volume and wing weight. How-

c,¢r. the penalties in doing this are a rapid increase in cruise SFC and an increase in
J_ltmentor flap system noise.

@

5.6 THREE-STREAM SYSTEM

5.6.1 Introduction

Exploratory design and analysis was performed on a three-stream augmentor system to

,,nnpare the two- and three-stream concepts. The three-stream system was developed
af,,und the RB419-OI engine described in section 5.5.2. This engine had 39% of the thrust

_'_J,t,-d to the wing at a bleed pressure ratio of 3.0. Typical duct losses of 15% pressure drop

_-uld give a blowing nozzle pressure ratio of about 2.5. A schematic of an engine instal-
t_t,_m i_ shown in figure 5-111. Of interest is the required engine inlet and fan duct noise

treatment. The wing air thrust reverser could be mounted in the strut or spanwise behind

t'_¢ aultmentor nozzles. The RB419 low-pressure fan has variable pitch blades, and this

trature gives thrust modulation during approach. Although most of the design effort was

•_:,,-r_dcd on the 39% thrust split cycle. 30% and 50% wi,ag thrust split systems were also



5.6.2 Three-Stream Duct, Nozzle, and Flap Integration

Conceptual duct layouts were made for a subduct plenum and an independent duct

system using a wing area of 2200 sq ft, 20,300-1b-thrust engines, and a 39% wing thrust

split. A section of the subduct plenum system is shown ill figure 5-112. Because this system
was not volume critical, the subduct was mounted above the main duct to minimize any

flow geometry changes caused by shutting off the subduct during engine-out operation. The

main duct is shown with a slot nozzle because the reduced nozzle flow area should probably

make multi-element nozzles unnecessary from a noise standpoint. The subduct nozzles are

small, widely spaced lobes which were used to allow free ventilation of ambient air to the

slot nozzle while reducing the distance from the subduct to its nozzle exit plane. The main

duct slot nozzle, nozzle lip, and flap were patterned after the Ames phase VI augmentor

configuration. Although the rear spar is shown at 50% chord, it could be moved to 57%

chord if the flap chord was reduced from 35% to 27%.

An independent duct system for the three-stream engine is shown in figure 5-113. This

duct system, 27% crossover, is described in section 5.4.2. Interwoven lobe nozzles are used,

and the dimensions at the exit plane are shown. The system occupies 20% of the wing chord

compared to 13% on the plenum at the 39% thrust split.

The equivalent augmentor nozzle height as a function of the wing thrust split is shown

in figure 5-114 along with the flap mixing length ratio. The mixing length ratio for 39%

wing thrust split is about 110 compared to 40 to 60 for two-stream systems. This higher

value of mixing length ratio is very similar to the Buffalo augmentor wing model and phase

VI augmentor flaps. This would allow the test data and design information for these flaps to

be directly applicable to the three-stream system. A summary curve relating the chordwise

duct volume requirementsto the wing thrust split is shown in figure 5-115 for plenum and

independent duct systems.

5.6.3 Airplane Sizing

Thumbprints for three-stream configurations at 40%, 50%, and 30% blowing thrust are

shown in figures 5-116, 5-117, and 5-118. The weights were adjusted from the two-stream

configuration for the increased weight of the RB419 engine and for the smaller duct system.

The design point is the intersection of the takeoff and landing field length lines because, if a

plenum duct system is used, the duct volume is not critical. As the wing thrust split is

reduced the landing line shifts to lower wing loadings because the reduced blowing reduces
the lift coefficients. This causes an increase in airplane weight with decreasing wing thrust

split. These curves are somewhat pessimistic because the lift coefficients were based on a

flap length of 29% chord. As figure 5-115 implies, the flap chord could be increased and this

would shift the landing line to higher wing ioadings and lower gross weights. Further

improvements may be possible with additional work on the split flow configurations.

45



5.6.4 Noise

The three-stream engine reintroduces the aft fan noise problem. The engine as

prc._ntly envisioned has two lined splitters in the inlet and one splitter in the low-pressure

fan duct to attenuate the fan noise. A choked inlet would give much higher thrust and SFC

i_-nalties on the three-stream engine than the two-stream engine because the pressure losses

a,_a_ciated with choking are a much higher percentage of the fan pressure ratio. The esti-

mated noise levels are given in table 5-8 and the prediction procedures were similar to those

described in section 5.5.4.2. The augmentor flap noise is estimated in the same way as the

bast.line two-stream flap because the noise increase caused by the higher augmentor pressure

ratio in the three stream, 2.5 compared to 2.0 on the baseline, is nullified by the reduced

airflow and increased nozzle aspect ratio of the three-stream. On the three-stream system,

the engine fan noise appears to dominate the augmentor flap noise.

5.6.5 Conclusions

The major comparison between the two- and three-stream augmentor systems is the

tradeoff of flap and duct system complexity against engine complexity. Considerable effort

is required on the two-stream to fit the ducting into the wing and to obtain the augmentor

flap and choked engine inlet suppression. The three-stream system relieves the duct space

problems and reduces the development required on the flap system but requires substantial

engine development to achieve the noise goal with the low-pressure fan inlet and exhaust

and to achieve inflight thrust modulation. The smaller size and reduced weight of the ducts

and flaps in the three-stream system does not appear to compensate completely for the

increased engine weight of the three-stream engine. The two-stream airplane configuration

al_o appears to offer a much better noise reduction potential than the three-stream
configuration.

TABLE 5-8.-THREE-STREAM AUGMENTOR NO/SE a

Component

Inlet

Aft fan

Primary jet

Secondary jet

Augmentor flap

Total

Untreated

107 PNdB

111

-96

76

112

Treated

99 PNdB

99

96

76

92

115 PNdB 99 PNdB

IFour RB419-01 engines

20.300 Ib thrust

39% thrust to wing
500-It sideline

Takeoff power
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Primary jet 94 94
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* 1971 suppression technology

%%
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500 1000 1500 2000
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"_ 260 / _ _:-- Reference planform

8

_/I. 1 I I I I
I/
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FIGURE 5-36.-STREAMWISE WING SECTION A T 52% b/2
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Independent Duct System-Section at Inboard Engine
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50% chord 62.5% chord 70% chord
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Plenum Duct System-Section at Inboard Engine

FIGURE 5-39.-DUCT SYSTEMS
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S W = 2200 sq ft

;k= .30

Airfoil = modified TR-38

* Main duct area at inboard

engine (27% b/2) for
plenum system

*_1 duct ueL', sq in.
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2OOO
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5O0
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I I | I
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Sweep angle, A, deg

F /GURE 5-40.- VARIATION OF AVAILABLE DUCT AREA WITH WING PLANFORM



/_R= 5.0

Required*
_ Available

* _ = 15%, NPR = 2.0

.=-1=
O" O"

"O t-

.60 -

.50-

.40 -

.30"

W/S = 100

J

J
J

- W/S = 90

W/S = 80
J

2O 25

Rear spar 70% chord

Z///×

Section at inboard engine 127% b/21

I

30

Sweep angle, A, deg
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FIGURE 5_12.- REQUIRED AND AVAILABLE DUCT AREA-EFFECT OF REAR SPAR
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FIGURE 5"44.-REQUIRED AND AVAILABLE DUCT 4REA-EFFECT OF REAR DUCT
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20 25 30
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751-103 subduct plenum system

STF 369C engines

2.0 -- SLS, standard day, 80 keas

1.81.6 Inboard flap

1.4 _ _ Four engines
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°- i_ .60

_ ,.o L_I _
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Center flap

E _Four engines I
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_l-o--- La_pSe-_1

_ I I I I I
40 50 60 70 80 90 100

Engine net thrust*, %

*Net sea level static installed thrust

A
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FIGURE 5-56.-DUCT LOSS EFFECT ON ENGINE THRUST
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Constant installed thrust

STF 369C engine data

SLS, standard day

*Four engine pods plus duct system
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Four STF 395 engines
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Sea level, takeoff, standard day.

Installed and uninstalled sea level thrust lapse rateI

20 x 103

.... STF 395

19 _ _ STF 369C
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-_ 17___ _
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SLS uninstalled engine thrust = 20,000 Ib
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6.0 STATIC RIG TEST PROGRAM

6.1 INTRODUCTION

Discussions of system analysis in section 5.0 have pointed out the feasibility and

potential of a STOL aircraft that can operate from metropolitan STOLports without com-

munity annoyance due to noise. Limited field length associated with these STOLports

makes thrust and lift _iugmentation very desirable. The augmentor wing is a promising device

for lift and thrust augmentation and for noise suppression and control. At present, the full

potential of this concept has not been determined with respect to achieving the noise sup-

pression necessary to meet the 95-PNdB 500-ft sideline noise objective.

Noise reductions on the order of 20 PNdB are required, with respect to the baseline

airplane, to meet the noise objective. This suppression must be obtained without significant

configuration and performance compromises. A development test program is needed that

will provide augmentor design information for a STOL configuration that meets the target

noise level and also satisfies the propulsion and aerodynamic requirements.

6.1.1 Background

The test program definition was initiated by a thorough study of available theory and

test data. Information presented below obtained from this study serves to identify noise

suppression parameters and equations available for noise control and isolate the areas of

uncertainty in design information that will require further testing.

Even though no complete theory for jet noise suppression exists, equations developed

by Lighthill and Strouhal may be used to guide in the design analysis of noise suppressors.

The works of Lighthill (and others) have shown that, in the jet velocity regimes of subsonic

and low supersonic flow, jet noise radiation is dominated by sound generation of convected
turbulence in the jet efflux. Lighthill expressed the acoustic power generated by turbulence

in this regime as proportional to Kp'AV 8, where K is a constant related to the level of

turbulence, p is jet density, A is nozzle area, and V is the jet velocity. This relation points

out that the principal factor controlling the noise level of a jet operating in this regime is

velocity (fig. 6-1 ). A large class of suppressors operates on the principle of entraining sur-

rounding air into the jet flow to reduce the mean velocity gradients, which in turn reduces
the noise level.

Research studies have shown that the source of noise in a jet stream is not located right

at the jet nozzle but is actually distributed over a considerable distance downstream from

the nozzle exit (fig. 6-2). It has been observed that the very high frequencies are produced

close to the nozzle, and that the lower frequencies are produced further downstream from

the jet nozzle. The distributed nature of the jet noise source is an important consideration

when using an ejector as a suppression device.

The frequencies of the noise generated by convected turbulence scale with Strouhal
number (fD/V), where D is the diameter of tile total jet or jet element, f is the frequency,

and V is the jet velocity (fig. 6-3). Strouhal relations are useful in guiding the shaping of the

peak noise spectrum generated by the jet suppressor. Figure 6-4 shows the influence of
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increasing velocity and decreasing nozzle diameter on frequency peak. As the nozzle dimen-

,_on is decreased at a constant velocity, the peak frequency is increased. On the other hand,

decreasing the velocity of a constant-dimensioned jet will decrease the peak frequency.

At higher supersonic flow, theoretical developments predict Mach wave radiation from

the jet to dominate the radiation pattern. In this regime jet noise approaches a V 3 relation-

_hip Isee fig. 6-1 ). An additional source of noise is the interaction between turbulence and
the _tationary shock pattern in supersonic jets (i.e., shock-induced noise). These types of

nt_t_,' sources tend to mask the turbulence noise which is related by Lighthili and Strouhal

number and hence limit the usefulness of these relations in analysis of supercritical flow

fltli._ suppressors. Design and development of suppressor systems in these regimes have been

predominantly empirical.

The lack of clear theoretical guidelines has forced the study of jet noise suppressors to

rcl_ heavily on parametric test investigations. Several NASA, Boeing, and other industry

_-ports have contained discussions of augmentor wing concepts. Investigations have included

-1description of the noise and performance characteristics of slot nozzles, breakup nozzles,

and associated jet flap hardware.

In 1957 NASA (ref. 6-1 ) reported results from a full-scale test of two slot nozzles: one

_lth an aspect ratio of 14:1, the other with a 100:1 aspect ratio. Test results demonstrated

the directional characteristics of the noise pattern from a high-aspect-ratio slot nozzle (fig.

t_-5I. There was very little total noise reduction, but noise spectrum correlations were

observed. The frequency distribution was generally flatter for the slot nozzles than for a

n,und convergent nozzle; reductions in noise energy were found at low to middle

frequencies, and increases were found at the higher frequencies.

A report by Pratt and Whitney Aircraft (ref. 6-2) indicated that significant noise reduc-

tton can be obtained on the narrow side of a two-dimensional nozzle, the amount depending

tm the nozzle aspect ratio (fig. 6-6). Part of the noise suppression was attributed to
increased perimeter of the slot nozzle. The noise reduction values were obtained by com-

paring the slot nozzle peak noise data with data from a standard nozzle: both were evaluated

at a constant altitude. Results of this report are somewhat in conflict with the more conser-
_ative NASA results.

Test results from Rolls-Royce (ref. 6-3) show that the measured attenuation of a
24: I-aspect-ratio slot nozzle varies as much as 7 dB with orientation from broadside to end-

_de _fig. 6-7). Such directional characteristics can be used to advantage when designing the

augmentor wing for low takeoff noise levels. The increase of slot nozzle noise suppression

_tth jet velocity is also illustrated in this graph.

A range of slot nozzle pressure ratios from 2.0 to 3.0 has been considered in system

_ludies. Recent NASA test results (ref. 6-4) show that slot nozzle noise levels continuously

increase with increasing pressure ratio (fig. 6-8), indicating selection of a low pressure ratio
f,_r low noise levels. An augmentor wing configuration was also tested, and the results

indicated that further noise reduction is necessary to meet STOL noise objectives.
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Boeing studies (ref. 6-5) have shown that shock-induced noise is a significant noise

source when round convergent nozzles are operated at supercritical pressure ratios. Tests of

convergent-divergent nozzles demonstrated measurable noise reduction at the design pres-
sure ratio (fig. 6-9).

The effect of adding a nozzle lip to the slot nozzle is reported in reference 6-6. Results

(fig. 6-10) indicate an increase in the low frequencies and a reduction in the high frequen-

cies; this is beneficial with respect to annoyance considerations.

Results from tests on rectangular arrays of multilobe nozzles are presented in reference

6-7. Noise characteristics of an 18-section rectangular-lobed nozzle are shown in figure 6-11.

The sound field is rotationally unsymmetrical, indicating the influence of aspect ratio. Noise

spectrums for both the broadside and endside positions show a considerable decrease in

low-frequency energy, with some increase of high-frequency energy. A method of establish-

ing the premerging jet noise frequencies is presented using the Strouhal number relations,

fD/V. The importance of lobe spacing to ensure the entrainment of ambient air into the jet

flow, reducing the mean velocity, is also discussed.

Boeing studies related to the augmentor wing jet flap concept have included slot nozzle

configurations with a flap ejector lined with sound-absorbing fiberglass material (ref. 6-8).

Noise reductions associated with this concept (fig. 6-12) have demonstrated that a lined flap
ejector produces significant additional noise reduction, especially at higher frequencies.

Results of extensive research to investigate noise suppressor concepts for SST jet

engines are presented in reference 6-9. The data show the influence of nozzle area ratio,

element number, and size on noise spectra (fig. 6-13). Increase in area ratio required wider

spacing of the suppression elements, which reduced low-frequency noise. Decreased element

size when used with adequate element spacing shifted the noise energy to the high
frequencies.

6.1.2 Design Principles

There are a number of principles of jet noise suppressor design that are identified in the

above and other reports. These include:

1) Increasing the perimeter of the nozzle by using high-aspect-ratio slot or breakup
nozzles

2) Large area ratio (ratio of total suppressor discharge area to primary jet discharge

area)

3) Small dimensions of individual jet discharge elements

4) Good ventilation (free access of secondary air to individual jet streams)

5) Shielding or absorption of high-frequency noise

6_ Optimization of array geometry, i.e., choice of shape for maximum acoustic

results. An example would be a high-aspect-ratio array as opposed to a radial array
of suppressor elements.
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t'nder,,tanding of these principles is incomplete. They are all interrelated to some degree.

Ible_Iott,i tests have served more to reveal their existence than to establish values for their

,_i,phcation in an augmentor suppression system. In consequence, the effects of given

,hat_ges in suppressor geometry can only be predicted in a general way. More precise
knov,.Icdge of such effects would be invaluable in the design of all suppressors that utilize

.m_" of the same principles.

For the useful application of each of the suppression principles cited above, more

reformation is required than is presently available. Some of the areas of uncertainty are

d t,i4.-u._,iedbelow.

It has been established that, for good low-frequency noise reduction, a large area ratio

t_ necessary, Increasing area ratio results in spacing individual nozzle elements more widely.

l his produces less low-frequency noise, but the point is quickly reached at which the ele-

ments arc so widely spaced that they behave like independent jets. The sum of their acoustic

powers is then equal to that of a single consolidated jet having the same geometry as the

elements, but at a higher frequency. There is no overall noise suppression attributable to the

nozzle array, only a frequency shift. At the other extreme, crowding the elements together

produces a consolidated jet with no breathing space between elements; again, there is no
_uppression except that due to the geometry of the consolidation. For an intermediate spac-

ing, the total acoustic power generated may drop to only a fraction of the unsuppressed

noise. Thus there appears to be an optimum spacing or area ratio. Stated more generally, the

acoustic characteristic of an array can be substantially altered by changing the spacing and
geometric arrangement of its elements.

There are many details about which there is little information. For example, how are

area ratio effects influenced by changes in array geometry? Are the relationships for a radial

:_rray still valid for a high-aspect-ratio rectangular array of the same number of elements at
the same spacing? Does this depend more on the number of elements or their arrangement?

The cross-sectional area needed for adequate secondary air access to divided nozzle

elements can be estimated from consideration of jet mixing requirements or empirical
information. However, the effects of "starvation" are known only in a qualitative way, base

drag and high-frequency noise are both increased, but quantitative knowledge is lacking.

Although breakup of the jet stream into small units is required to achieve large

amounts of suppression, there are many trades involved. For example, should the ultimate
breakup be lobes or circular nozzles, or can a slot nozzle in combination with a tuned aug-

mentor liner provide adequate suppression?

in tests of multitube arrays with the nozzle arranged in a line, it has been observed that

adjacent nozzle wakes tend to shield the noise from neighboring wakes, with the result that

less noise is radiated along the line of nozzles normal to the line. This phenomenon needs

investigation to determine the effcctiveness of shielding with array orientation, element

spacing, and element shape,

............ t,,,,_ _u, _, ,as led to atigmentor wing systems that meet STOL noise objec-
tives. However, the reports have identified the parameters available for noise control. These

@

I q_



parameters include slot aspect ratio, orientation, shock noise, pressure ratio, coanda lips,

multi-element nozzle geometry, and augmentor lining. In order to develop an augmentor

concept with a goal of 25 PNdB noise reduction, a complete investigation of these param-

eters is required. Emphasis should be placed on multi-element nozzles used with attgmentor
flap systems with noise suppression acoustic liners.

6.1.3 Test Objective

The objective of the task I static rig test program is to determine the noise, noise atten-

uation, and performance characteristics of selected high-aspect-ratio nozzle confiugrations

which provide information relative to the design of a suppressor concept which meets the

STOL noise performance objectives. More specifically, the test objective is to describe noise

and performance characteristics of candidate nozzles as a function of key suppressor

variables:-nozzle aspect ratio, pressure ratio, orientation and multi-element geometry.

Important noise sources associated with candidate nozzle designs will be identified and a

means of controlling them demonstrated. Jet wake characteristics will be related to the per-

formance and noise variables. Information obtained from these tests will be used to develop

nozzle design charts for noise suppression and to select candidate nozzle configurations for

task II testing. Test results will also be utilized in evaluation of STOL configurations.

In the sections that follow, detailed descriptions are given of how the test program was

developed, what facilities were used, what measurements were taken, and what the specific
results were.

6.2 TECHNICAL APPROACH

The development of a logical test program for obtaining technology for the augmentor

wing requires consideration of both the airplane and augmentor systems. These considera-

tions have had a major influence on the test program. Task I models have been selected with

the total system in mind. In the following discussion, augmentor wing components are

related to a system design approach and a scale-model test program.

The augmentor wing provides the opportunity to develop a noise suppression system

that can achieve large noise reductions for STOL airplanes. The suppressor system consists
of a high-aspect-ratio slot primary augmentor nozzle, breakup of the slot flow with smaller

dimension elements, and an augmentor lined with sound-absorbing material (fig. 6-14).

Ability to attenuate shock noise and vary the nozzle pressure ratio provides further design
flexibility.

A basic slot nozzle shifts the noise energy to a higher peak frequency relative to a

round convergent nozzle. The multi-element nozzle is a spectrum-shaping device which

attenuates low-frequency noise by element spacing, and shifts the frequency energy to a

higher frequency by element sizing and spacing. The basic slot height provides fundamental

spectrum shaping; the multi-element nozzle extends the spectrum-shaping capability of the
slot nozzle to the extremes that may be required. When used in conjunction with a lined

shroud, the large potential of the breakup nozzle lies in its ability to shape the noise spec-
trum of the jet in a manner that complements t!'c suppression ability of the lined shroud.

Even though the multi-element suppressor may not always show significant perceived noise
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level st, ppression by itself, it will provide effective suppression when combined with the

_hroud. Emphasis in task I has been on designing a component of a suppression system and

not solely a suppressor nozzle. The purpose of the task I test program is to evaluate the
noise attenuation and performance capabilities of the type of nozzles mentioned above in a

parametric fashion.

The candidate nozzle configurations were evaluated using scale model test and anal-

ysis. The scaled models lead to lower cost experimental facilities and test operation and also

improve timing by making it possible to obtain experimental data early enough to influence

augmentor designs. Performance evaluation of nozzles using scale models has been successful

in the past and has a wide range of acceptance. A model noise source which is identical to a
full-scale source (except ira linear dimensions) has been used to scale the far-field noise to a

reasonable accuracy (ref. 6-10). Full-scale values of Mach number, velocity, and density at

the nozzle exit are required for accurate acoustic scaling. The size of the scale models is

generally determined by the facility and air supply limits.

Accurate evaluation of the noise suppression and performance potential of scale-model

nozzles requires careful nozzle design techniques. For high-aspect-ratio nozzles it is essential

to be able to control and identify both the basic jet structures and the spanwise distribution

of the flow. Uniform spanwise distribution of flow is obtained through proper design of

plent|m charging stations, and jet control is obtained by design and manufacture of the

individual nozzle elements. It is important to identify trends that are associated with the

nozzle geometry, rather than with anomalies of fit not associated with nozzle trades.

The choice of nozzle designs is influenced by trades involving a number of considera-

tions. The best internal performance occurs in nozzles with accelerations very close to the

nozzle exits. However, this causes steep closure for secondary flow leading to high losses in
external flow. It also leads to steep nozzle angles with low discharge coefficients and

unusual jet structures. Ira order to circumvent these problems, the nozzles are designed

parallel, or with convergence angles less than 15".

As the test program schedule developed, it became clear that model design decisions

depend strongly on the constraints imposed by STOL airplane systems consideration.

Although the majority of decisions were influenced by the baseline airplane study (see. 5.0),

all major decisions were made at the latest possible date, to be sure the most current think-

ing was involved in the model designs.

The augmentor wing nozzle systems all use very high aspect ratio nozzles. A series of

scale-model slot nozzles were designed to determine the effect of aspect-ratio variation on

noise and performance. The models are all of the same exit area with increasing aspect ratio

and decreasing slot height, which, when scaled, is representative of typical augmentor slot

heights. In addition, a convergent-divergent slot nozzle was designed to determine the effect

of shock attenuation at supercritical pressure ratios on noise suppression. A design pressure

ratio of 3.0 (representative of an upper limit augmentor wing pressure ratio) was selected for
lest.

Key geometric variables identified with multi-element nozzles are area ratio, ele,nent

sh_lpe, n ......... ,,,u _,Lc. t_,JLLLCat Ca tattoos as high as 4.0 were selected to provide tile
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necessary low-frequency noise suppression. Higher area ratios were not selected because of

configuration constraints. Nozzle element shapes are convergent tubes and lobes. Element

sizes were selected to provide a parametric study of decreasing element size on peak level

frequency shift. Nozzle element size is ultimately limited by model construction problems

and manufacturing costs.

These scale-model nozzles were tested over a range of nozzle pressure ratios (at ambi-

ent temperature) and orientations to determine the effect of these parameters on noise

suppression. Acoustic test data are scaled to representative augmentor wing conditions to

compare the relative merits of the various nozzle configurations in terms of noise suppres-

sion, spectrum change, and changes in the directionality pattern. Variables considered in the
analysis included nozzle aspect ratio, pressure ratio, orientation, and multi-element nozzle

geometry (i.e., area ratio, element shape, and size). Nozzle thrust measurements and rake

profiles are used to establish the performance characteristics of the suppressors. Results are
then used to verify initial augmentor wing airplane noise and performance predictions.

6.3 APPARATUS AND TEST PROCEDURES

The selection of a test facility, the establishment of model designs, and the implemen-

tation of test procedures were aimed at providing the most rapid and versatile test program,

while exercising sufficient care to ensure confidence in the test results. It was desired to
ensure a reasonable balance between model costs and testing time. Selection of the number

and variety of task I nozzle configurations is based on a balance between model fabrication

costs and the requirement for evaluating a representative number of slot nozzles and candi-

date noise suppression nozzles. The Boeing North Field Mechanical Laboratories in Seattle,

Washington were chosen as the appropriate test location. The laboratories have a facility

especially suitable for large-scale combined acoustic and thrust performance test programs.

The augmentor thrust is measured with a six-component, platform-type balance bridged

with high-pressure air; the noise is measured in a 180*arc in an acoustic arena as shown in

figure 6-15. The thrust stand accurately measures model forces using either warm (300* F)

or ambient temperature air. Nozzle flow rates are determined with precision using ASME

venturi flow meters calibrated against a Boeing standard nozzle. An acoustically treated

muffler plenum, located on the balance platform upstream of the test nozzle plenum, pre-

vents any noise generated by the air supply lines and control valves from reaching the test
nozzles.

To acquire acoustic data of the highest quality, data were recorded only during a

limited range of atmospheric conditions. In addition, the round convergent nozzle was

tested periodically as a reference to establish repeatability. The test fixture was designed to

allow quick interchange of nozzles. Because of the desired precision for acoustic measure-
ments, and the very large volume of acoustic data expected, each component of the instru-

mentation system for noise measurement was carefully chosen and integrated. The basic

noise measuring system consists of microphones, a tape recorder, and one-third octave band

analysis instrumentation calibrated and operated over a frequency range of 200 to 80,000

Hz. The output is punched cards, which are used to make computer plots of one-third
octave band level versus frequency and other calculations used in the analysis. Block dia-

grams and photographs of system components are shown in figures 6-16 through 6-20.
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In tile paragraphs that follow, important details of the test rig and procedures are dis-

,*tJ_.%'tl, along with the instrumentation and data reduction. In section 6.4, the key

achievements in accuracy and repeatability of performance and acoustic measurements are

dt,,cussed.

6.3.1 Performance Data Acquisition

Model forces and moments are measured with a six-component platform-type external

md tunnel balance that is bridged by two high-pressure air lines each with three flexure

Ix.llows. The flexure-bellows air line sections are designed to produce a minimum of

restraint on the balance for all components through the full range of balance deflections

under operating pressure. The interactions due to pressure on all of the balance components
a_" measured to be less than 0.1% of maximum nozzle thrust through the operating pressure

r.mgc of these test nozzles. Static calibrations of the installed balance demonstrated accur-

Joy. repeatability, and linearity within 0. I% of the maximum nozzle thrust levels.

All pressure transducers were calibrated prior to the task I testing, and again midway

during the program. The most critical ones (flow meters and nozzle pressure ratio) are check

,ahbrated biweekly. These calibrations indicated that all transducers used by this test were

repeatable and linear to within at least 0.2% of the full-scale range of the transducer.

To obtain good performance measurements, the airflow rate, in addition to the thrust,

mu_t be accurately measured. This is done by using carefully calibrated ASME venturi flow
meters in both air supply lines. The flow meters are calibrated as installed for absolute level,

b_,' _pcrating them in series with a Boeing standard reference nozzle. ASME C D levels are
adlu,ted accordingly and applied to the flow rate calculations in the data reduction com-

puter program. Comparisons of the convergent reference nozzle performance levels with the
ti,_¢mg standard levels are shown in figure 6-21. The venturi throat Mach number does not
,'_ccd 0.6.

The nozzle pressure ratio is monitored separately from the main data acquisition sys-

Icm and displayed on the test console as a means of setting and holding exact test condi-

tD,m, while recording acoustic and performance data (fig. 6-22). The performance data are

r¢_,,rded by a Boeing standard digital data system on punched paper tape at 10 channels per

_,',,,nd. The punched paper tape is converted to magnetic tape and processed at the Boeing

('4,mputer Center for final data output. The performance data system is pictured in figure

1"o investigate the jet velocity profiles at various distances downstream of the rectan-
tr._lar ._rray nozzles (slot and multi-element), several nozzles were tested with external total

rfct,ure takes installed downstream of the nozzle exits.

F-r reasons of time and economy, a manually operated rake system was chosen.

_,,_t,'en-pn_be total-pressure rakes (1/16-in. probe spacing) are used on the slot nozzle exit
f_t,e _ur_¢_.s. while 3 I-probe rakes (0.20-in. probe spacing) are used with the multi-element

.....rtl_-_ Ihat produced a thicker jet sheet. Figure 6-24 shows these pressure rakes installed on

: _; :t_ t.est nezzles. Nozzle jet pressure data are recorded at X/hE=0.5. 10. at_cl 20. Fhe
"'_ t .,re al,_ set at several span positions for the multi-element nozzles. Acoustic data arc

" f,,,_rdcd while the nozzle exit rakes are installed.



Theidealairflow andidealvelocityusedin thenozzleperformancecalculationsare
calculated as functions of the total pressures and temperatures measured at the nozzle

charging station (fig. 6-25).

6.3.2 Performance Data Reduction

Velocity coefficient CV is defined as the ratio of measured nozzle thrust to the total
thrust produced by a fully expanded nozzle passing the same mass flow, or

FG • g

CV- m V I

where:

/23,gRT T

UI=,_J' _ [1-(NPR) I--_7 ]

_, :1.40

Nozzle discharge coefficient CD is defined here as the ratio of measured nozzle airflow
to the theoretical nozzle airflow, or

m

CD - ml

where:

ml = A (PT)_//IR (-/- 1)2g_' TTI [(1 - PT- P°o_2/Y ( PT-P°°_(_ + 1)/_'IPT / - 1 PT- /

Nozzle thrust coefficient CG is defined here as the ratio of the measured nozzle thrust
to the ideal thrust produced by a fully expanded nozzle passing the ideal flow rate. This

parameter does not involve the measured nozzle airflow rate and is used in section 6.4 as an
indication of facility thrust repeatability.

FG

CG = _ = C V • C D

The nozzle exit velocity ratios plotted versus the term YI6y2 in section 6.5 are non-
dimensionalized to provide a universal method for comparing the velocity profiles produced

by rectangular array nozzles. If Y is taken as the distance from the center plane of the jet

sheet, then 6yz is defined as the location in the Y direction where Vj/V M = 0.5.
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6.3.3AcousticData Acquisition

The basic components of the acoustic data acquisition system are the microphone sys-

tem, recording system, calibration system, and wind monitoring system.

Acquiring high-quality acoustic data from an outdoor test facility requires that data be
recorded only during a limited range of atmospheric conditions. Data are recorded with the

following limitations: wind speed less than 5 mph, certain combinations of ambient air

temperature and humidity, and no visible fog or precipitation. The combinations of air

temperature and humidity that are acceptable for the task I acoustic tests are shown in

figure 6-26. The effect of wind on far-field microphones is shown in figure 6-27.

6.3.3.1 Microphone System

The microphone system for the propagated noise measurements consists of the follow-

ing components:

1) Bruel and Kjaer Model 4135, 0.25-in. condenser microphone operated without
protecting grid

2) General Radio Model 1560-P42 microphone preamplifier operated at 20-dB gain

position

3) Boeing microphone preamplifier power supply with level equalization adjustment

A microphone rain shield, constructed with 0.5-in. Scottfelt covered with light plastic,

is used to protect the microphone from light rain. Twelve-foot microphone stands are

hinged to permit quick access to the microphones for installation and calibration. They are

located at 10" intervals in relation to the jet exhaust (see figs. 6-28 and 6-29).

Measurements of noises were made inside of the ducting, the plenum, and the nuffler to
identify sources of noise in the air lines. Flush-mounted 1/16-in. Kulite Model CPL-070-58
microphones were used.

6.3.3.2 Recording System

The 14-channel recording system includes the following components:

!) Adjustable gain (I 0 dB/step) amplifier, Dynamic Model 7950

2) Ampex Model FR 1800L tape recorder operated in direct record mode at 30 in.

per second (ips)

3) Oscilloscopes and level meters for monitoring all microphone channels
simultaneously

for signalling the start and stop of the established test condition @
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5) A time code generator for placing a time code on one tape channel for use in data
reduction

6) A microphone for announcing conditions and amplifier gain settings on one tape
channel

7) A switch for selecting microphones in groups of 12.

6.3.3.3 Calibration System

The system used for measuring the combined frequency response of the microphone

cartridge, preamplifier, and cable is a Bruel and Kjaer electrostatic actuator, UA 0033, used

in conjunction with a B&K Model 1013 beat frequency oscillator and Model 2305 level

recorder.

A B&K pistonphone, Model 4220, is used in the field for establishing the output volt-

age of each microphone system at 250 Hz at a nominal sound pressure level of 124 dB (re:
0.0002 microbar).

Frequency response of the tape recording and playback system is accomplished with a
B&K Model 1013 beat frequency oscillator and a Model 2305 level recorder.

6.3.3.4 Wind Monitoring System

Four anemometers used in conjunction with a direct writing oscillograph are used to

monitor and record the wind speed at four representative microphone locations. Specific

instrumentation is listed below.

Item

Cup and vane anemometer

Manufacturer/Model

Taylor/3105

Signal detecting and averaging

circuitry

Boeing

DC amplifiers Electron/S 1126

Oscillograph Honeywell/1508

6.3.3.5 Acquisition Procedures

Frequency response calibrations of the microphones, recording, and playback systems

are made in the acoustics laboratory prior to starting the test series, and periodically there-

after. Individual B&K microphone cartridges are selected so that the 0° incidence free-field

response, obtained by combining the pressure response (from electrostatic actuator calibra-

tion) and the free-field correction (from B&K 4135 Instruction Booklet), is flat within _+1.5

dBin the range from 200 to 8c),000 Hz. The combined response of the microphone and tape

recorder system is generally maintained within +_2dB, although in a few cases it has



exceededthis.One-thirdoctavebandcorrectionsin stepsof 1.0dBareappliedin the data
reductionprocessto compensatefor thedeviationsfrom flat response.

Thepistonphone,whichis used for establishing a reference level in the field, is cali-

brated by the Boeing metrology laboratory. These calibrations are traceable to the National
Bureau of Standards by means of Western Electric 640-AA microphones, which are used to

calibrate the pistonphone within +0.5 dB. For field calibrations the pistonphone, which

generates a nominal level of 124 dB (re: 0.0002 microbar) is applied to each microphone
while the microphone preamplifier output is read on a voltmeter. All microphone outputs

are adjusted to -5.0 dB +0.3 dB (re: 1.0 V) by means of the attenuators in the microphone

power supply. In practice, the pistonphone calibrations are made immediately before and
after the model jet measurements for the day. After the initial level adjustment is made for a

particular microphone system, it is seldom necessary to make additional adjustments to
maintain the +0.3 dB tolerance. If repeated adjustments are necessary, the microphone or

preamplifier is questioned, and the components are replaced.

At the beginning and end of each reel of magnetic tape, a -5 dB (re: 1.0 V) 400-Hz

calibration signal is applied simultaneously to each recording channel. This signal represents

the pistonphone sound pressure level for use in playback.

The rain shields (see Figs. 6-28 and 6-29) used to protect the microphones from mois-

ture were developed specifically for this program. The effect of this shield on the response

was determined by measuring the noise from a l-in. nozzle air jet with and without the rain

shield. The configuration selected has one-third octave band deviations up to 0.6 dB in the

frequency range of interest. Deviations in full-octave response are within +0.3 dB. No cor-

rections have been applied to account for these small deviations. The time of day for making
runs is selected on the basis of low ambient noise and low wind. In addition, however, the

wind monitoring system is used to determine the best time to start the data recording

period. If before the recording interval is completed, the wind at any of the four monitoring

positions appears excessive, or a noticeable ambient noise (e.g., airplane flyover) temporarily

appears, the recording is continued until a sufficient data sample is obtained during cahn
and quiet conditions. In some cases the run has to be terminated and repeated at a later
time.

6.3.4 Acoustic Data Reduction

The one-third octave data reduction system consists of an analog tape recorder, one-

third octave spectrum analyzer, card punch, time code reader, and associated control and

interface circuitry as listed below.

Item

Magnetic tape recorder

Manufacturer/Model

Ampex/FR 1800L

Spectrum analyzer General Radio real time

analyzer/1921

(lard punch

O

A

iBM/526

J"4
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Item Manufacturer/Model

Time code reader EECO/851A

Card punch interface Boeing

Oscilloscope Tektronix/RM 503

RMS voltmeter Fluke/910AR/Z

Random noise generator Allison/65D-4

Oscillator Bruel & Kjaer/1013

Recorded data tapes are reproduced on the tape recorder operated in direct mode at 30

ips. The analyzer simultaneously breaks the analog signal down into one-third octave bands
and then converts these to time averaged one-third octave band sound pressure levels in

decibels in digital form. These values are transferred to the IBM card punch through the card

punch interface. The punched cards are used in the CDC 6600 computer for follow-on

plotting and computations.

The General Radio 1921 spectrum analyzer consists of ( 1) a bank of 24 parallel one-

third octave filters with center frequencies of 200 to 80,000 Hz, (2) a provision for manu-

ally introducing system frequency response corrections, and (3) a multichannel RMS detec-

tor with true (linear) integration and variable integration time.

The narrow band data reduction system consists primarily of (1) a Federal Scientific

Ubiquitous spectrum analyzer UA-6A, with digital averager option 129 B, and (2) a Honey-
well X-Y recorder, Model 530 T. The analyzer has a selectable bandwidth, frequency range,

and integration period. For this program, typical settings used are 80-Hz bandwidth, 0- to

40,000-Hz frequency range, and 25 sec integration period.

6.3.5 Acoustic Data Reduction Processing

The integration period selected for data reduction generally is 16 sec, although in a few

cases 8 or 32 sec is used. The 16-sec period was arrived at after consideration of various fac-
tors such as:

1) Maintaining adequate statistical degrees of freedom

2) Minimizing effects of short gusts of wind (i.e., low-frequency noise generation,

and altering the jet noise pattern).

3) Minimizing time for recording and data reduction.

4) Working between conditions of excessive ambient noise.
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Oscil!ogramsof wind velocity versus time are visually inspected for a suitable period with

low wind. Selections are made separately for each of four microphone groups using data
from the anemometer located closest to the applicable microphone. In some cases the wind

is at a minimum at all anemometer stations simultaneously; however, frequently the minima

occur at slightly different times. The undesirable effect of even a mildly gusty condition on

the low-frequency noise data has made this procedure worthwhile.

One-third octave band data reduction is accomplished as follows:

1) Using the frequency response information obtained during calibration for each

separate microphone recording channel, corrections are applied by means of one-
third octave band attenuators, which are set manually.

2) Identification information is entered on the IBM cards through the keyboard.

3) The desired data sample to be analyzed is located on the tape using IRIG time

signals, start and stop tones, and voice announcements.

4) After entering the record gain into the card interface, the operator starts the tape

and initiates the start of the nominally 16 sec integration of the data sample. The

General Radio 1921 analyzer, after completing the analysis, automatically trans-

fers the stored data through the interface onto IBM cards.

The completed data cards are sorted by microphone channel and conditions, and

then printed in tabular form. The tabulated data are visually inspected for 1)

proper order of condition sequence and 2) trends of overall level versus pressure

ratio and microphone angle. Any apparent discrepancies are checked.

The data cards are then processed through the CDC 6600 computer and SC 4020

plotting system. The results displayed on one 8-1/2 by 11 in. sheet are one-third
octave band sound pressure level versus frequency for a given microphone at

typically five pressure ratios. In this form the data are visually inspected for any

anomalies in curve shape, trend in level versus pressure ratio, or angular location.

The plotted data are also compared with typical background noise for the par-

ticular gain setting used during the recording.

6.3.5.1 Error Analysis

Estimated errors for the complete measuring system (microphone to tabulated one-

third octave band) after application of instrumentation corrections are tabulated below.

Absolute Error Relative Error

Max RSS Max RSS

(da) (dB) (dB) (dB)

Below I kHz +2.1 _+0.9 +1.0 +_0.6

80 kHz +_3.9 _+1.6 +-3.3 +_!.4



Theassessmentof absoluteerrorscontainsall componentsof themeasuringsystem,
includingtheabsolutecalibrationof thepistonphonetraceableto theNationalBureauof
Standards,whereastherelativeerrorsexcludethepistonphoneaccuracyandtheeffectof
rain shieldbecausetheseareidenticalfor all measurements.Maximumerroris theaddition
of the individualerrorassignedto eachpartof thecalibrationandmeasuringsystem.The
root-sum-square(RSS)error is thesquareroot of thesumof thesquaresof the individual
errors,asanindicatorof probableerror.

Ambientnoisemeasurementsweremadeandanalyzedto ensurethat therecordedjet
noisedatawereabovetheelectricalandbackgroundnoiseof the measuringsystemandthe
acousticalambientnoiseof thearena.

Anomaliesarehandledin thefollowingmanner:

1) Curvesshowingmoderatediscrepancyin levelarecheckedandreanalyzed.In the
few caseswhenthishasoccurred,errorshavebeenreadilydetectedandcorrected.

2) High-frequency portions of some curves that are too close to background are cor-

rected by extrapolating the established downward trend with frequency and by

comparing slopes with data from other pressure ratios, or from microphones at

different angular locations. Corrections of this type are usually limited to the
bands above 50,000 Hz, and particularly when testing the reference round nozzle

which requires a large dynamic range. Mostly the need for this correction results

from background random noise from the electronics or tape, but it occasionally
results from feedthrough of the 60,000 Hz bias oscillator located in the micro-

phone preamplifier.

3) Low-frequency portions of some curves that appear irregular in shape and do not

fit into the five-curve pressure ratio family are corrected by drawing a best-fitting
curve by examining trends from other microphones and pressure-ratio conditions.
This low-frequency correction is required to eliminate the effect of wind on the

microphone, particularly for the low jet noise conditions, i.e., at low pressure

ratio. Improvements in procedure for wind monitoring during the run and selec-

tion of calm periods for analysis are reducing the number of times that this type
correction is necessary.

Where corrections are required, the punched cards are repunched using data from the

corrected curves. It is important to note that the above-described conditions have only a
minor effect on the overall or perceived noise levels, and that they are performed more as a

refinement than as a means for grossly changing the results. There is usually sufficient

information from adjacent microphones or other pressure-ratio conditions to clearly
establish an approximate correction.

6.3.6 Model Description

Five slot nozzles and four multi-element nozzles were tested for acoustic and thrust
nerfnrmanee in ta_k ! A rofaroneo n_771c* ._t_c ,a|_ I_.ct_,,-! t_ w_rif, r th_ ._.",.'=e;ct.=_,_,; _e f" _;|;.,,

performance, it is an axisymmetric convergent nozzle of 15= half angle, shown mounted on
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the plenum in figure 6-30. The reference nozzle performance levels are directly comparable

to convergent nozzle performance levels measured at the Boeing Propulsion Laboratories

nozzle calibration facility. It is also useful to compare AWNP noise measurements with SAE

predictionprocedures. The reference nozzle thrust and acoustic performance data recorded

during task I are presented in section 6.4.

The four convergent slot nozzles with nominal aspect ratios of 400, 250, 100, and 50,

as shown in figure 6-31, were tested to determine both the relationship of slot height
versus characteristic frequency, and the slot nozzle friction loss as a function of aspect
ratio. Evidence of nozzle exit area growth during operation is indicated by analysis of

the nozzle discharge coefficient data t¥om the initial tests of these nozzles. Analyses show
that the nozzle area growth effect could be corrected by the installation of bolts spaced

evenly along the span of the nozzles upstream of the nozzle lips. Area control bolts were
installed in the 100:1 aspect ratio convergent and convergent-divergent nozzles (fig. 6-32).

To evaluate potential noise reductions associated with shock attenuation in the jet, a

convergent-divergent (C-D) slot nozzle (zR = 100) with the same throat area as the zta = 100
slot nozzle but a throat-to-exit area ratio of 1.095 was tested. A sketch of the C-D nozzle is

shown in figures 6-32 and 6-33.

Four multi-element nozzles, two multitube and two multilobe, were built and tested

(fig. 6-34). These four nozzles are all of zR = 100 and are designed with the same nominal

exit area. The 140-tube nozzle and the 70-tube nozzles are designed with area ratios of 4.0

and 3.5, respectively; the 70-tube nozzles are designed with area ratios of 4.0 and 2.5. These

breakup nozzles are designed to produce significant noise reductions by breaking up the slot

flows into a large number of individual primary jets. To maintain high thrust performance

with these sound-suppression nozzles, the internal Mach numbers are kept low and accelera-

tions are made near the nozzle exit, minimizing friction losses. The nozzle array design also

provides good secondary flow ventilation resulting in low base drag losses.

To fabricate the multi-element nozzles inexpensively, while providing dimensionally

accurate models, two construction methods were employed. The tube nozzles were formed
by a swaging process and the lobe nozzles were die formed and jig welded. The critical

dimensions of the multi-element nozzles are shown on figures 6-35 and 6-36. To minimize

the lobe nozzle exit area growth during operation, one small strut was installed in each lobe
aligned in a streamwise direction.

All slot nozzles have internal static talSs as shown in figure 6-25. The four multi-
element nozzles incorporate both internal and external pressure instrumentation with the

static tap locations indicated in figures 6-37 through 6-40.

The slot nozzle plenum, shown installed on the test facility in figure 6-31, is designed

to accommodate all the slot nozzles and multi-element nozzles as shown in figure 6-41. The

plenum is designed to provide uniform pressure distribution at the entrance to the nozzles

by keeping internal Mach numbers low and using turbulence removal screens as shown in
figure 6-25. It is also designed to rotate about an axis perpendicular to the plane of the

n_zzlc exits. With the acoustic microphones arranged in a horizontal plane (fig. 6-15)_ this



rotation,/3,providesthe capabilityfor simulatingairplaneflyoverandsidelinenoise
measurements.Flapdeflection can be varied during task II by rotating the slot plenum
about its own axis.

6.3.7 Test Variables

The test variables selected are based on system analyses made during the early part of

task I. The nozzle acoustic and thrust performance data were recorded at nozzle total pres-

sure ratios (NPR) of 1.6, 2.0, 2.3, 2.6, and 3.0. The reference nozzle was also operated at

pressure ratios of 1.4 and 1.8, and the C-D nozzle was tested at two additional pressure

ratios of 2.8 and 3.2. Nozzle total pressure exit rake data were recorded at pressure ratios of

2.0 and 3.0. Ambient temperature air was used during all task I runs except for a few check-

out runs with the reference nozzle operating with 300* F air. Acoustic data were recorded at

B rotation angles of 0", 30", 60 °, and 90* although some configurations were tested at 0* and

90" only. A test run is defined as a series of pressure ratios with a given model configuration
at one B rotation angle.

6.4 DATA ACCURACY AND REPEATABILITY

It is extremely important to provide acoustic and performance test data that can be

used with confidence. Good data accuracy and repeatability will help establish this confi-

dence; the task I tests have demonstrated excellent accuracy and repeatability.

6.4.1 Performance Measurements

Summary plots of the reference nozzle performance, measured at several intervals dur-

ing the task I tests, are presented in figures 6-42 and 6-21. Both long-term and short-term

repeatability for thrust and airflow are presented in these figures. The plot of mean thrust

coefficient level, CG, in figure 6-42, which includes data from five sets of reference nozzle
runs, indicates that the maximum variation in measured thrust is +0.4% throughout task I.

Velocity coefficient data from four reference nozzle runs, also shown in figure 6-42, repre-
sent typical short-term repeatability for combined thrust and airflow.

Mean CD and C V levels from several sets of reference nozzle runs showing the facility

long-range repeatability of both airflow, CD, and combined thrust and airflow, CV are
shown in figure 6-21. The maximum variations experienced with these parameters during

task I are +0.3% and +0.5%, respectively. The mean C D and CV levels produced by a con-
vergent nozzle of identical geometry on the Boeing nozzle calibration facility are also shown

in figure 6-21. Comparison of these levels provides a means for evaluating the absolute

accuracy of the performance data. It would be possible to adjust the performance levels of

the configurations tested between two reference nozzle runs by the amount required to

adjust the mean of the reference nozzle runs; however, the adjustment was not made for this
report.

All configurations except the reference nozzle were installed and tested on the slot

nozzle plenum. During the initial facility checkout runs, the total pressures at the charo_ina

station probes were recorded through the full range of model flow conditions. The
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percentage deviation from the average total pressure along the span of the plenum is shown

m figure 6-43. A 1% deviation in total pressure represents only about a 7-ft/sec deviation in

_elocity: the total pressure variations demonstrate that the slot plenum has very uniform

,panwise flow characteristics.

6.4.2 Acoustic Data Measurements

The probable error for the acoustic measurements lies between 1.5 and 2.5 dB. It is

difficult to make a better estimate of acoustic accuracy since no physical standard is avail-

able for direct comparison. For jet noise the f(VR) curve from SAE ARP 866 (ref. 5-11) is
sometimes regarded as a standard, and a comparison of the normalized mean of the

measured baseline data is plotted in figure 6-44. This comparison indicates offset errors of 2

to 8 dB; however, it must be recalled that this "standard" curve is based upon data taken

from hot jet flow. Cold-flow jet noise lies well below the "standard" curve, references 5-11

and 5-15. The lower estimate of probable error (1.5 dB) is derived by assuming that the

errors in the electronic data acquisition and reduction system are significantly larger than

errors from any other source. The higher estimate (2.5 dB) is derived by assuming that

errors produced in the construction and operation of the nozzles, and errors produced by

the medium through which the sound travels, are of a value equal to that of the receiver.

The true value of probable error probably lies closer to the lower end of the range.

6.4.2.1 Acoustic Repeatability

The standard deviation ltr of the acoustic data is less than 0.4 PNdB (5.0%). This figure

is based on an analysis of six baseline (round convergent nozzle) runs. The data were scaled

(6.4/i ), corrected to standard day conditions (59 ° F and 70% relative humidity) and extra-

polated to a 500-ft off-axis distance. At each of the five engine conditions the mean OASPL
and mean PNL and their standard deviations were calculated. The results of these calcula-

tions are shown in figure 6-45. In addition, a mean spectrum (at NPR = 2.3) was calculated
together with the standard deviation of each one-third octave band. The results of these

calculations are shown in figure 6-46. Assuming that the suppressors would show the same

repeatability, the standard deviation in suppression will be less than 0.55 PNdB (7%).

6.4.2.2 Ground Reflection Effects

Acoustic measurements made in the augmentor wing test facility are essentially

unaffected by reflected acoustic energy (se.e refs. 6-11 and 6-12). The distortion of a point

source spectrum in the presence of a perfectly reflecting ground plane is shown in figure
6-47. To reduce this effect, washed beach rock of an average diameter of 2 to 3 in. was laid

on the ground in the acoustic arena, and a significant improvement occurred (compare a)

and b) of fig. 6-47). The round convergent nozzle is a good approximation to a point source;

therefore, curve b) would be applicable to the measurements made on the round convergent

nozzle, it indicates less than 1 dB increase in OASPL and no change in PNL. Curve c) of

figure 6-47 (see ref. 6-13) is applicable to measurements made on a slot or breakup nozzle; it
indicates no change in OASPL or PNL due to ground reflection effects.

@
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6.5 RESULTS

A primary task I objective is to establish reliable trades between noise suppression and

performance. The design of practical nozzle systems with minimum performance loss is

desired, particularly for the multi-element nozzles. In section 6.4, the accuracy and repeat-
ability were shown to be very good for both performance and noise measurements. Thus,

the trends shown by the noise suppression data may be reliably related to the performance

measurements. For convenience, performance and noise results are discussed independently.

6.5.1 Performance Results

A summary of the more pertinent performance results is given in figure 6-48. The

velocity coefficient is given as a function of the primary nozzle pressure ratio for all nozzles

of 100:1 aspect ratio, and as a function of the nozzle perimeters. The Boeing Standard and

the AWNP reference nozzle tests are included for comparison. The performance of the

individual nozzles changes very little with pressure ratio, except for the convergent-divergent

nozzle. As expected, the best performing nozzle was the slot nozzle; the breakup nozzles
were generally not quite as good.

The slot and breakup nozzle performance was generally higher than in previous studies

of suppression systems using breakup nozzles in cylindrical ejectors. The main reason for

this is the flexibility of nozzle designs permitted by the augmentor wing configurations.

Internal accelerations can be reasonably controlled, and external flow areas present less

critical design problems (sec. 6.3). The present designs probably provide close to maximum

performance for each configuration. The maximum expected performance for designs simi-

lar to those of task I can be estimated from a curve of CV against nozzle perimeter, figure
6-48. (See section 6.6.) There is a direct correlation that is independent of nozzle type: thus,
if similar control of accelerations is maintained, and if the same ground rules exist for

external flow considerations, the maximum primary nozzle performance can be predicted.

The Buffalo comparable C V was about 0.935 at a pressure ratio of 2.6, and 0.925
at 1.6; the nozzle perimeter was about 390 in. This result is consistent with task I results.

6.5.1.1 Slot Nozzles

The primary purposes of the slot nozzle testing are to determine the effect of aspect
ratio on noise and to identify performance changes. The performance measurements are

successful in identifying performance c.hanges, but the expected trend of velocity coefficient
with aspect ratio is not established.

The value of CV should systematically decrease with increasing aspect ratio for the slot
nozzles tested, since the internal nozzle lines are identical, and the perimeters increase with

aspect ratio. However, the measured trend (fig. 6-50) is not as expected. The primary reason

for the trend is associated with model structural design, and not with aspect ratio effects.

The principal effect of the model structural design was expansion or "bulging" of the

nozzle exits. The slot nozzles are built with smooth elliptical internal contours and parallel

.... _e i iv vl v i _t _ _l_ _V tllSWl i1_1 llvhbl_ _vtto&_&ta$_.jl_ _A_.cCt_tlldl_.Jl& _¢t Lily IIUL. LI_ kAl_,_

occurred. The resulting change in nozzle area is seen in the measured discharge coefficient
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curves for the nozzles, figures 6-49 and 6-51 through 6-53. The CD curves indicate variable
expansion with pressure ratio, with area growths up to 12% at nozzle pressure ratio 3 for the

400: 1-aspect-ratio nozzle. (This is why the abscissa for fig. 6-50 is called nominal aspect
ratio).

A review of the nozzle design stress calculations indicates that the underlying assump-
tions involved in the nozzle exit deflection calculations were oversimplified. Additional cal-

culations were made, and it was determined that some moments were overlooked. The

moments account not only for the expansion indicated by the CD measurements, but for an
actual outward rotation of the nozzle lips. This rotation of the lips causes the internal lines
of the nozzles to have a convergent-divergent effect. This C-D effect is reflected in reduced

performance (fig. 6-50) for the 100-, 250-, and 400-aspect-ratio nozzles. There is a fairly

marked increase in CV performance with pressure ratio for the 100- and 400: 1-aspect-ratio
nozzles (figs. 6-51 and 6-53), which is characteristic of C-D nozzles. A check of internal

static pressures for the 400-, 250-, and 100-aspect-ratio nozzles indicated near-sonic or

supersonic internal Mach numbers, a further indication that the nozzles were C-D. The C D
curve, (fig. 6-53) for the 400-aspect-ratio nozzle shows, for example, an area growth of

about 12%. The nozzle CV tends to peak at a pressure ratio near 2.9. This would correspond

to a C-D effect associated with an 8% increase in area from a throat to exit, which is quite
possible with the 12% growth.

The C-D effect is responsible for reduced CV, particularly at lower pressure ratios. To
check this, the 100-aspect-ratio slot nozzle was modified to prevent deflection of the nozzle

exit. There is a definite resulting increase in measured performance (stable exits on figs. 6-50

and 6-54). Furthermore, the "stable" 100-aspect-ratio nozzle CV fits smoothly with the

breakup and reference nozzles on the perimeter correlation, figure 6-48. The fact that CD
for the 100-aspect-ratio nozzle is greater than 1.0 reflects inability to measure the exit area

precisely. As a result of these determinations, all breakup nozzles are designed with 10* to

15 ° convergence at the exit, so if expansion occurs the nozzle remains convergent.

It is worth noting that the difficulties with slot nozzle design and manufacture at

model scale would also occur in airplane designs. Precise area control of slot nozzles is

difficult, although performance losses can be avoided by maintaining convergent exits.

Not all of the anomalies of figure 6-50 are connected with the C-D effect, however.

The 50- and 250-aspect-ratio nozzles show very little change in C V with pressure ratio, even
though they also show C-D deflections. The 100- and 400-aspect-ratio nozzles differ in the

side plate designs for the nozzle edges, inthat the sideplates extend downstream. The 50-

and 250-aspect-ratio nozzle sideplates are designed to be flush with the nozzle exit; how-

ever, when the nozzles expand with pressure ratio, they tend to extend beyond the side-

plates, and flow bends away from the thrust line at the sideplates. At higher pressure ratios,

sonic or supersonic flows occur in the approaches to this region, and Prandtl-Meyer turning

around the end plates increases with pressure ratio. This causes more losses with increasing

pressure ratio. Calculations indicate that this effect is large enough to counteract the upward
C V trend with pressure ratio for the C-D effect in the 50- and 250-aspect-ratio nozzles.

Tile conclusions are that the slot nozzle measurements should not be used to dctermine

._iot nozzle performance. Rather, the performance should be determined by the perimeter

correlation of figure 6-50; these C V values can be obtained by designing nozzles that avoid
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the problems outlined above. Also, the aspect ratio noise data may contain anomalies

associated with the phenomena discussed above; the best noise correlations should be with

the 100-aspect-ratio nozzle (which, incidentally, has the same span and area as the breakup

nozzles) with the stable exits, and the poorest with the 250-aspect-ratio nozzle. The 50- and

400-aspect-ratio nozzle correlations would fall between these two.

6.5.1.2 Convergent-Divergent Nozzle

The purpose for testing the convergent-divergent nozzle is to investigate suppression

gains available from the attenuation of shocks associated with the nozzle jets. A C-D slot

nozzle was designed for pressure ratio 3 at 100 aspect ratio. The design for shock-free

isentropic flow requires a carefully contoured internal geometry with a throat-to-exit area

increase of about 9%. Contours were developed using transonic and supersonic flow

analyses. There was great difficulty in fabricating and maintaining the necessary precise area

distribution and contours. As a consequence, the jet probably still contained some shocks

during the testing. However, the measured performance of the nozzle (fig. 6-55) shows the

usual increase in C V with pressure ratio for this type nozzle. The peak CV level is a few
tenths percent less than the corresponding 100-aspect-ratio (stable) slot nozzle. The small

gain obtained from the nozzle divergence is offset by the skin friction due to additional

length. This is in agreement with the general practice in the use of C-D nozzles; such nozzles

are not generally used for performance gains at nozzle pressure ratios below 4 to 6.

The shape of the C V curve for the C-D nozzle is similar to the 400-aspect-ratio nozzle
measurements. This clearly shows the C-D effect caused by expansion of the 400-aspect-
ratio nozzle.

6.5.1.3 Multi-element Nozzles

The use of multi-element breakup nozzles (multitube or multilobe) for noise suppres-

sion generally causes performance losses. However, in addition to the noise advantages, these

nozzles offer advantages when they are used in ejector systems. The noise suppression

capabilities of these nozzles generally increase with the amount of breakup, while the CV
performance generally decreases. Consequently, it is necessary to carefully establish the

performance penalties associated with the noise suppression.

Multitube nozzles can be built with smaller internal performance losses for a given

amount of breakup than can multilobe nozzles. The tubes generally have smaller total

perimeters, and do not have corner losses. They are also easier to build, and are less subject

to expansion. However, proper ventilation for external flow is more difficult than with lobes

when they are used in an ejector or augmentor system. Jet sheets from tube arrays may be

more difficult to turn in augmentor wing systems than are either slot or lobed nozzles.

Trades involving secondary losses and augmentor turning will be determined during task II

augmentor system static testing.

The augmentor primary tube nozzle performance is shown in figures 6-56 and 6-57

There is a difference of about 1% to 1.5% in performance between the 140- and 70-tube

nozzles of 100 aspect ratio, and the CV is 0.97 or above for both for pressllre ratios of 2.3.
There is considerable room for additional breakup using even twice as many tubes in

100-aspect-ratio nozzles.
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Multilobenozzlesgenerallyhavelower internalthrustperformancethanothers,but
theyareexpectedto haveslightlybettersuppressioncharacteristics.Theperformanceof the
lobednozzlesisgivenin figures6-58and6-59.Thereisconsiderableexpansionof thenozzle
exit indicatedby theslopeof theCDcurvefor thearearatio4 thin-lobenozzle.Since
internalperformanceiscritical, it is necessaryto minimizewall thicknesson thisnozzleto
providethe bestcombinationof externalventilationandinternalperformance.Con-
sequently,thewall isdesignedthin with internalstruts,anddeflectionispurposelyper-
mitted.Thepossiblelossof performancefrom aC-Deffect causedby expandingof the
nozzleexit wascounteractedby convergingthesidewallsof thenozzleexit.

Thelobenozzlesareexpectedto turn morereadilythan tubenozzlesin augmentors;
thiswill bedeterminedin tasklI testingfor STOL-orientedconfigurations.Themarginavail-
ablein internalperformancefor increasingthenumberof elementsin lobenozzlesis notas
greataswith tubenozzles,but CV performancefor the nozzlesis still 0.96or abovefor
pressureratiosabove2.3.

6.5.1.4NozzleLip Extensions-PreliminaryResults

Somepreliminaryresultsof performancemeasurementsinvolvingnozzlelip extensions
areshownin figure6-60.Thedatashowthat theadditionof the lipscausesadditionallosses
of 1%to 3%in CV.

Thenozzlelip extensionsarespanwiseflat surfacesextendedfrom thenozzleexit
downstreamfor distancesof X/hE = 5 (about2in. shortlip) andX/hE= 10(about4 in.,
longlip). Theprimarypurposeis to shieldthehigh-frequencynoisefrom undertheflapand
to helpattenuatescreechnoise.Augmentorgainsor penaltiesfrom thesedevicesarenot
known.

6.5.2 Primary Nozzle Jet Profile

it is important that jet noise measurements be representative of jet noise source distri-

butions associated with the actual geometry being tested, and not of anomalies from the test

rig or models. This is particularly true of high-aspect-ratio nozzles for augmentor wing
application.

The spanwise total pressure distribution is measured to be very even at the primary

nozzle plenum charging station (sec. 6.3). The acceleration of the flow from the charging

station to the nozzle exits is made as low-loss and smooth as possible for each design.

Jet velocity profiles are measured at several spanwise and several axial locations down-

stream from the nozzle exits. Comparisons are made of the jet profiles to identify anomalies

in the high-aspect-ratio jet sheets. All nozzles show good similarity of the jet profiles at

spanwise locations. The slot nozzles produce universal profiles similar to those measured by

other investigators. The breakup tube and lobe nozzles show varied developments of jet

velocity profiles, but their profiles become similar to the slot nozzle profiles further
downstream.
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Basicdifferences in jet structure are identified in the tube and lobe breakup nozzles.

These are useful for understanding differences in noise measurements. During task II,

attempts will be made to relate the augmentor thrust performance and flow turning capabil-

ity to the structure of the jet sheet. Jet structures will also be examined in relation to high-

frequency noise source location, lining placement, and screening of the noise with exten-

sions of the primary nozzle lower lip.

6.5.2.1 Slot Nozzle Profiles

The test rig and models produce very good two-dimensional jet sheets. The jet profiles

are examined in detail for two of the nozzles-the aspect ratio 400 and 100. The results for

the 400-aspect-ratio nozzle are given in figures 6-61 through 6-65. Profiles are given for

X/h S = 3, 5, 7, 10, and 20 for all six spanwise rake positions. Velocity is nondimension-

alized by dividing by V M, the maximum velocity for the rake. The value of Y is divided by

6½, the distance from the jet sheet centerline to the value of Y where the local velocity is
half the maximum. This forces the profile through the coordinates V/V M = 0.5 at

Y/6y, = l.O.

The important thing to note is that there are very small spanwise differences between

profile shapes even as far downstream as X/h S = 20. It was shown in reference 6-14 that jet

profiles from breakup nozzles of low aspect ratios tend to form profiles similar to round
jets. The 400-aspect-ratio slot nozzle does not show this tendency up to X/h S = 20 (about 9

in.). In fact, no effects of the nozzle edge are seen, even through some rakes are fairly close

to the edge of the jet sheet. The jet sheet is essentially two dimensional in this region.

The two-dimensional core of the slot nozzles disappears near X/h S = 7, which is in

general agreement with previous tests. The profile shapes at varying distances downstream

are summarized in figure 6-66. A comparison is made with the universal two dimensional

jet profile. The agreement is close and within the errors of the data scatter; also, the
compressibility effects of the present tests may contribute to some differences.

The results for the 100-aspect-ratio jet profiles are given in figures 6-67 through 6-70.

Profiles are given up to X/h S = 10. The same general observations and conclusions may be
made as for the 400-aspect-ratio nozzles. The curves are summarized in figure 6-7 !.

6.5.2.2 Multi-Element Nozzle Profiles

The jet sheets from the breakup nozzles reflect the particular nozzle geometry close to
the nozzle exits. Generally, the sharp profile features from tube and lobe nozzle exits rap-

idly disappear and the jet profiles assume shapes similar to the slot nozzle and universal pro-
files. However, while slot nozzle jets form the universal shape at X/h E ~ 7, the breakup

nozzle shapes become similar at X/h E ~ 20. Note that all breakup nozzles have the same

area per unit span as the 100-aspect-ratio nozzle; consequently h E, the equivalent slot height

for breakup nozzles, is the same as h S for the 100-aspect-ratio nozzle. Thus, breakup
nozzles require three times the mixing length to reach a universal profile.

This does not mean that the slot nozzles are better nozzles. The breakup nozzles will

entrain more air at short distances downstream from the nozzle, and the jet sheet is wider at
, - . . 1 .i_ ++-+.i........ _; .... _. .... A
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lower shear further downstream in the region of noise sources for lower frequencies, and

will cause suppression of these frequencies. On the other hand, at points very close to the

nozzle exit there are larger regions of high-frequency noise sources relative to the slot

nozzles.

The jet velocity profiles from the breakup nozzles were measured at numerous span-

wise locations, and at X/h E = 5, 10, and 20. The nondimensionalization is similar to that of

the slot nozzles. However, because of the sparse number of probes near the nozzle exits,

some details are lacking. Occasionally, because of calculation techniques, the profiles do not

go through V/V M = 0.5 at 6 Y2/hE = 1.0. However, the data give a clear indication of the types
of profiles generated by the various nozzles.

The i 40-tube-nozzle Y jet profiles are presented in figures 6-72 through 6-80. Each of

the three spanwise rakes were positioned in similar relative locations within the arrays and

tested at the three X/h E locations. The Y profiles for rakes behind the centerline of two
tubes vertically aligned from the jet sheet in the 140-tube nozzle are given in figures 6-73

through 6-74, the profiles behind a central tube are given in figures 6-75 through 6-77, and
intermediate profiles are given in figures 6-78 through 6-80.

As might be expected, there are numerous and strong velocity gradients in the Y pro-

files at X/h E = 5 (figs. 6-72, 6-75 and 6-78), indicating that very good entrainment charac-

teristics may be expected from this nozzle. At X/h E = 10, (figs. 6-73, 6-76, and 6-791, most

of these gradients have disappeared; at X/h E = 20, the profiles have become similar to the
slot nozzle profiles, but the thickness of the jet is larger than that of the slot nozzles (see figs
6-81, 6-106 and 6-109).

Some spanwise Z profiles for the 140-tube nozzle are given in figures 6-82 and 6-83. At

X/h E =5, the velocity varies by nearly 100%; at X/h E = 10, the maximum variation is +12%.

At X/h E = 20, this has been reduced to -1-3%maximum, indicating that the profile is sub-

stantially uniform. Thus, considerable spanwise variation is seen in the jet sheet at X/h E = 5;

this is substantially reduced at X/h E = 10, and insignificant at X/h E = 20. The spanwise
distribution of the noise sources will be relatively uniform at lower frequencies, and will be

in 70 recurring patterns at higher frequencies. The microphone array will see the recurring

patterns as essentially uniform spanwise noise sources.

Jet sheets from slot nozzles are, in general, easier to turn over coanda surfaces than are

jet sheets from breakup nozzles. However, the data show that the 140-tube-nozzle jet sheet

becomes similar in profile to a slot jet sheet at X/h E = 20. It is tempting to conclude that
tile breakup nozzle jet sheet will turn as well as slot jet sheets if the coanda surface is placed

in this region of the breakup nozzle jet sheet. This is probably not true because the ratio of

the jet sheet thickness to the coanda radius is much larger than for the slot jet sheet.

For ejectors with breakup nozzles, some authors (for example, ref. 6-15) have shown

that when diffusers are used, the best performance occurs when the primary nozzles are not

aimed down the centerline of the ejector. Profiles in the diffuser entrance region of the

higher performing ejectors were nonuniform, and higher velocities were concentrated near
the diffuser walls, providing extra momentum to overcome the diffuser pressure gradients.

Turning the flow in the augmentor causes acceleration along the lower wall and deceleration
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along the upper wall, the effect being that the lower wall must eventually diffuse through a

larger pressure gradient. It might be desirable to create a profile such as that of figure 6-73
and place the coanda side of the augmentor throat at the location in the jet sheet at the

peak velocity. (This is for an illustration only: the profile in the figure is not the same at all

other spanwise locations.) Such a profile would provide more momentum along the coanda
surface than would the profile in figure 6-74, for example.

It is important to understand the relationship between the primary nozzle jet sheets

and augmentor performance. What is said here is somewhat speculative. During task 11, such
breakup nozzle jet sheets will be placed in augmentors, and more will be learned about their

relationship to performance and noise. Profiles near the throat and exit of the augmentor

will be measured and compared with augmentor performance and the primary nozzle pro-
files measured in task I.

The 70-tube-nozzle jet sheet has many of the same general features as that of the

140-tube nozzle. The velocity profiles are shown in figures 6-84 through 6-89. The 70-tube-

nozzle profiles take longer (larger X/hE) to mix to a universal type profile than the 140-tube
nozzle profiles since breakup is not as complete. The data indicate (figs. 6-86 and 6-89) that

mixing is more complete at pressure ratio 3 than at pressure ratio 2 for X/h E = 20. The
spanwise profiles (fig. 6-90) show results similar to those of the 140-tube nozzle, except that

they show slower mixing characteristics.

The thin-lobe-nozzle Y jet profiles are presented in figures 6-91 through 6-96. The noz-

zle jet sheet mixes quite rapidly, perhaps slightly more rapidly than the 140-tube nozzle.

Spanwise profiles (fig. 6-97) also reflect the rapid mixing. The thick-lobe nozzles (figs. 6-98

through 6-103) show jet sheets that are similar to those of the thin-lobe nozzles. Similarly,
figure 6-104 shows the spanwise profiles for the thick-lobe nozzles.

6.5.2.3 Jet Velocity Decay and Jet Spreading

Measurements of the augmentor primary nozzle jet velocity decay and spreading are

shown in figures 6-105 through 6-114. For the 400-aspect-ratio slot nozzle (figs. 6-105 and
6-106), six spanwise rake positions are plotted. The data indicate that the jet sheet velocity

decay and spreading are very uniform spanwise for this nozzle.

The jet velocity decay and spreading for the 100-aspect-ratio augmentor primary noz-

zle at four spanwise rake positions are given in figures 6-107 and 6-108. The velocity decay

differs only slightly from that of the 400-aspect-ratio nozzle. The jet spreading is consis-

tently wider for the 400-aspect-ratio 0ozzle. Each jet also spreads wider at higher pres-
sure ratios.

Velocity decay and jet spreading curves for the 140-tube nozzle at three positions

within a given array pitch are given in figures 6-109 through 6-114. The maximum velocities

in the 140-tube-nozzle jet sheet decay more rapidly than the slot nozzle jet sheets for

X/h E < 10; however, for 10 < X/h E < 20, the situation reverses; and the effect is that the

maximum velocities at X/h E ~ 20 are nearly the same. The 140-tube nozzle jet spreading is
greater, being 25% wider atX/h E ~ 20. This means that the entrainment is significantly
greater in the region near the nozzle exit, and probably not as good further downstream. It
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also means that the velocity gradients are lower at X/h E ~20 (about 8.5 in.) and the noise

generation for lower frequencies associated with this scale will be reduced, while those

higher frequencies near the 140-tube nozzle exit will increase in level relative to slot nozzles.

There is a small increase in jet spreading with pressure ratio but the velocity decay is

unaffccted by pressure ratio.

The decay and spreading of the 70-tube augmentor primary nozzle (figs. 6-115 through

6-118) follow the same gener/_l pattern as those of the 140-tube nozzle, except for one

important difference: the velocity decay of the jet sheet is less rapid. This indicates that the

entrainment properties are not quite as good, and the noise differences from the slot nozzle

should not be as marked. There is also a slight difference in the jet width at X/h E ~ 20.

The curves for the thin-lobe augmentor primary nozzle are given in figures 6-119

through 6-122. The characteristics of this nozzle resemble most closely those of the

140-tube nozzle, but the spreading is a little less at X/h E ~ 20. The same general observa-

tions otherwise apply.

The thick-lobe-nozzle jet curves (figs. 6-123 through 6-126) show slightly faster initial

decay and a smaller spreading rate than the 70-tube jet.

The jet spreading and velocity decay results are summarized in table 6-1 and compared

with thrust performance results. Since the results were taken from arbitrarily selected pro-

files, the numbers may change if all data are considered.

Table 6-1.-JETSPREADING AND VELOCITY DECAY RESULTS

:'61/2 at X/h E = 10

hE

61/2 at X/h E = 20

hE

VM/V J at X/h E = 10

VM/V J at X/h E = 20

Cv
PTap/Peo = 2

PTap/P= = 3

400/_q slot

1.2

2.0

0.86

0.65

b0.959

b0.970

140 Tube

1.9

2.5

0.71

0.58

0.966

0.972

.Nozzle

70 Tube

1.0

2.6

0.92

0.60

0.980

0.982

Thin lobe

1.7

2.1

0.70

0.62

0.959

0.965

Thick lobe

1.25

1.8

0.88

0.70

0.974

0.980

aAII values of _1/2 and VM/V J are at PTap/Poo= 2.0

bExpanded exit
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6.5.3 Acoustic Results

Noise suppressors in general divide the jet exhaust into segments and spread the wake

to an overall cross-sectional area considerably larger than that of a single circular jet having

the same nozzle-exit area. This technique employs the principle of increasing the perimeter
of a jet nozzle to reduce the noise level.

Tests of multitube arrays have shown that adjacent nozzle wakes shield the noise of

neighboring wakes, with the result that less noise is radiated along the line of the nozzles

than normal to the line. Thus, for a single rectangular nozzle it can be reasoned that turbu-

lent flow regions shield the noise from adjacent regions. Because of greater shielding, noise

generated within the flow cannot travel across the long dimension of the wake as readily as
across the short dimension, with the result that less noise is radiated off the short ends than

off the long sides of the wake-hence, the elliptical noise patterns of high-aspect-ratio slot
nozzles.

6.5.3.1 Slot Nozzles

Applications of these noise suppression mechanisms are used to guide the investigation

of AWNP high-aspect-ratio slot nozzles. It is necessary to determine the effects of slot aspect

ratio, slot height, and nozzle pressure ratio to develop accurate trades with respect to slot

nozzle design. Four different aspect ratio convergent slot nozzles (fig. 6-31 ) were tested at
pressure ratios of 1.6, 2.0, 2.3, 2.6, and 3.0 at ambient total temperature. Previous discus-

sion of high-aspect-ratio slot nozzles has indicated the noise patterns to be unsymmetrical.

For this reason, each configuration was tested at four orientation angles to provide the

necessary noise pattern definition (fig. 6-127). Model data are scaled to a 770-sq in. flow

area representative of augmentor wing configurations and evaluated at a 320-ft radius.

Results from the 250: 1-aspect-ratio slot are considered unacceptable due to nozzle exit

geometry expansion during testing. Therefore, only data results for the aspect ratio 50, 100,
and 400 nozzles are discussed.

Noise level.-A comparison of the noise levels for the different aspect-ratio slot nozzles

(fig. 6-128) shows very little change in noise with increasing aspect ratio (decreasing slot

height). This is in agreement with the results of reference 6-1, which also noted only a small

noise level reduction with increase in nozzle aspect ratio from 14 to 100. Very little PNL

reduction of any magnitude was calculated because of the shift of the peak level frequency
to the frequency region adversly weighted by the PNL unit (Noy).

The influence of nozzle pressure ratio is evident in this set of data. As the pressure
ratio is increased to supersonic flowconditions a favorabte reduction with aspect ratio

increase is observed. At the lower pressure ratios, however, there is an increase in noise with

decreasing aspect ratio. Mechanisms which cause these shifts in data trends are not identifi-

able at this time. The most important observation to make is that noise reduction capabili-
ties of slot nozzles are pressure ratio dependent.

The directional properties of the high-aspect ratio slot nozzle are illustrated by the
decrease in noise levels with change in nozzle orientation from /3= (f (broadside) to/3 = 90*

(endside). This variation is only slightly affected by slot aspect ratio and pressure ratio. The
most rapid change occurs between /3=60* and 90*.
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OASPLandPNLincreasecontinuouslywith nozzlepressureratio from 1.6to 3.0.
Shock-inducednoisehasadominanteffectonnoiselevels(especiallyPNL)at pressureratios
above2.0.

Noise directionality patterns.-Noise directionality patterns are used to identify the

angle with respect to the engine inlet (or jet axis) at which the maximum noise level occurs,
and also how the noise varies with angle. Since noise suppression and peak sideline noise are

determined by peak levels, it is important to understand the method of determining this

peak and its relation to adjacent levels. Effective suppressor design requires that the peak
level occur at an angle such that distance to the sideline is a maximum (i.e., the further the

distance the noise radiates the more it is attenuated). Knowledge of the directivity patterns

is especially important when the nozzle (or flap) undergoes a series of rotations on engine

attitude adjustments. The shape of the directivity pattern provides information as to the

benefit of specific attenuation at certain angles. If the pattern has very little change in level

with angle, any improvement in suppression will require a noise reduction over a wide range

of angles. A flat directivity pattern is also penalized for its "duration correction" in the
EPNL weighting system. Comparison of directionality patterns generally provides verifica-

tion as to the changes in noise spectra for different suppressors. It has been observed in the

comparative study of suppressors that a significant shift in the frequency of noise energy is

generally accompanied by measurable shifts in the noise directionality patterns. Changes in
nozzle exit condition (temperature and pressure ratio) also produce shifts in the direc-

tionality patterns.

OASPL and PNL directionality patterns for the broadside orientations (fig. 6-129)

show that the maximum noise levels are produced at about 40* from the jet axis. Very little

change in the shape of the directivity pattern with aspect ratio is observed. A simple lower-

ing of the noise level occurs. With respect to a round convergent nozzle there is a measurable
OASPL reduction attributed to slot nozzles at the angles near the jet axis. An increase in

PNL of the slots relative to the RC nozzle is observed for most angles.

Directional distribution of the noise levels presented in figure 6-130 shows a decrease

in noise with increasing nozzle orientation from broadside to endside. The difference

becomes larger as the aspect ratio is increased. A definite change occurs between the 60 ° and

90 ° orientation. At /3= 90", the peak level shifts to an angle very close to the jet axis. Most

of the change has occurred at the lower angles. The highest angles ( 160* to 170*) are

dominated by the low-frequency noise generated downstream of the slot nozzle exit where

the initial rectangular flow profile has become more uniform. The large dimensions of the

symmetrical wake and the reduced velocity of the jet produce a diminished noise level,

dominant low frequency, and uniformly radiating jet.

As the aspect ratio is decreased, the effects of orientation on directivity and level are

diminished. In the limit as the aspect ratio approaches one, the directionality patterns will

become symmetrical with orientation.

An increase in the slot nozzle pressure ratio produces a continuous increase in the

magnitude of the directionality patterns (fig. 6-131). A small shift of the peak level to a

smaller angle occurs. This shift may be attributed to the increase in the amount of shock-

induced noise and the general shift in peak Strouhal frequency, SN, with increasing velocity.
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Previousdataplotswerepresentedona320-ftpolararcbasis.It isalsoimportantto
analyzedirectionalitypatternonasidelinebasisandobserveanychangesin thepeaknoise
anglesandeffectsof slot nozzlerotation. In figure6-132directionalitypatternsfor a 500-ft
altitudedistancearepresented.Thepeaknoiselevelisnowobservedto be near the 100"

angle, a shift of 40* with respect to the polar data. Upon rotating the nozzle 45 ° (i.e.,

6 = 45*) the peak level is again observed to occur in the 130* to 140* range. This angle of

rotation is considered typical for augmentor wing airplane takeoff conditions. These data

illustrate the imporatance of defining the "evaluation" distance and configuration geometry

in evaluating the noise characteristics of suppressor nozzles.

Symmetry of the noise pattern radiated above and below the slot nozzle is illustrated

in figure 6-129.

Noise spectra.-Based on a Strouhal analysis (S N = fD/V) a shift in the noise spectrum
to the higher frequencies was predicted. Evidence of this shift is found in figure 6-133 noise

spectra. A decrease in the low frequency of up to 15 dB is measured relative to a round con-

vergent nozzle. This reduction is due to the large perimeter of the slots, resulting in lower

downstream velocity. There is, however, a corresponding increase in the higher frequencies,

resulting in an increase in the PNL. An increase in OASPL is also noted. The dominant
characteristic of the slot nozzle is its ability to shift the frequency spectrum.

The influence of nozzle orientation is shown in figure 6-134. A decrease in the mid-

and high-frequency energy occurs as the nozzles are oriented from broadside (_3=0 °) to cnd-

side (f3 = 90*). This reduction is attributed to the noise-shielding properties of high-aspect-

ratio arrays. The low-frequency noise levels are generated in the downstream region of the

jet. The jet wake profile is symmetrical, and the resulting noise pattern is also symmetrical

with orientation. Hence, the low-frequency noise is not influenced by nozzle orientation.

The slot nozzle directionality characteristics are influenced mostly by the amount of domi-

nant high-frequency" energy in the spectrum.

As the noise radiation angle, 0, approaches tile jet axis there is an increase in the low-

and mid-frequency energy (fig. 6-135). This is consistent with the understanding that a

major part of the low-frequency noise is generated downstream of the jet exit and radiated

at angles close to jet axis. High-frequency noise is shown to decrease slightly with increasing

angle.

A continuing rise in the noise spectrum is observed with increasing pressure ratio (fig.

6-136). At pressure ratios of 2.3 to 3.0, shock-induced noise is in evidence. This phenom-
enon is discussed in section 6.5.3.2.

Noise suppression.-Noise suppression is defined in this report as the difference in peak

noise level between a suppressor and a reference nozzle when both are operated at the same

pressure ratio and evaluated at the same distance. The slot nozzles are compared to a round

convergent nozzle in figure 6-137. These data show the slot nozzles to be more annoying
than conventional round convergent nozzles for the /3= 0 ° orientation. The spectra pre-

sented in figure 6-133 show that decreasing the low frequencies and increasing the high fre-

quencies usually results in an increase in noise annoyance, especially for increases in fre-

quencies in tb,e range of greatest sensitivity of the ear.
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Theability of the slot nozzles to suppress low-frequency noise is illustrated in the

bottom graphs of figure 6-137. Data for these graphs are obtained by comparing the 125-Hz

one-third octave band data at the 140* noise radiation angle.

The best suppressor is observed to be the 400: 1-aspect-ratio slot nozzle, especially with

respect to OASPL and 125-Hz band data. Suppression is also increased as the nozzle is
oriented to the 90* position.

Both PNL and OASPL suppression decrease above a pressure ratio of 2.3. Shock-

induced noise is known to influence the supersonic jet noise spectrum. The harmonic and

broadband noise contribution of shock-induced aerodynamic resonance and turbulence

interaction occurs near the peak level of the turbulence spectrum, which increases both the

OASPL and PNL relative to the round convergent nozzle.

Quite possibly, the operation of the slot nozzles at such low velocities (900 to 1300

ft/sec) also limits the suppression potential of slot nozzles. Tests are planned with 300* F

heated flow, which will increase the jet velocity at the same pressure ratio and possibly

improve the suppression potential.

Noise suppression relative to the 100:1 slot (fig. 6-138) illustrates the improvement in

suppression with aspect ratio increase to 400.

Normalized data.-To summarize the data trends for high-aspect-ratio slot nozzles,

several normalized curves were constructed. These curves show the influence of slot nozzle

orientation, pressure ratio, and aspect ratio on OASPL and PNL (figs. 6-139 through 6-141 ).

The dependence of orientation effects on nozzle aspect ratio is illustrated in figure 6-139.
The data curves are referenced to the broadside orientation (/3 = 0°). The influence of pres-

sure ratio on noise levels shown in figure 6-140 has been referenced to a pressure ratio of

2.0. Both the orientation and aspect ratio (fig. 6-141) graphs are constructed using pressure

ratio 2.0, 2.3, and 2.6 test data.

Slot nozzle peak noise spectra are normalized using Strouhal number in figure 6-142.

Pressure ratio 1.6 and 2.0 data are used. Shock-induced noise associated with the other pres-

sure ratio caused data points to scatter, detracting from the resolution. These data are being

given further study. Only data reduction for the broadside orientation (/3 = 0") is complete.

Scaled slot height was used as the dimension parameter. Data from the round convergent

nozzle are presented for reference.

The peak Strouhal number is observed to shift to a lower value as the slot aspect ratio

is increased. Lowering of the peak Strouhal number will diminish the influence of a smaller

slot height to shift the peak level to a higher frequency. Hence, the spectrum shift is not as

great as would be expected if the Strouhal number remained constant.

Conclusions.-The noise-suppressing capabilities of a slot nozzle are confined primarily

to changes in the directivity and frequency of the noise. Low-frequency noise reductions in
the order of 10 to 15 dB are observed when compared to a round convergent nozzle. The

low-frequency noise reduction increases with increasing aspect ratio. The increased fre-

quency of the slot nozzles results in actual increases in PNL for some configurations,
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although OASPL was always reduced. The noise level increases continuously as nozzle pres-

sure ratio increases from 1.6 to 3.0. Shock-induced noise is identified as a significant noise

source for supersonic pressure ratios. The directionality patterns are changed as the nozzle is
oriented from broadside to endside. A 4- to 6-dB reduction on the endside is measured.

When slot nozzle spectra are normalized in a Strouhal basis, a reduction in the peak Strouhal

number with increasing aspect ratio is found. This diminishes the frequency-shifting capabil-
ity of slot nozzles with decreasing slot height.

6.5.3.2 Convergent-Divergent Nozzles

The noise spectra of jets issuing from convergent nozzles operating at critical and

supercritical pressure ratios contain discrete frequency components which cause a large rise

in the noise level. The discrete frequencies are generated by a feedback loop created by the

propagation upstream, to the jet exit, of sound waves generated by the interaction of turbu-

lence with shock waves in the jet flow. On arriving at the jet exit plane, the sound waves

affect the nozzle pressure ratio slightly, causing the jet to become self-stabilized. This condi-

tion sets up an aero-acoustic resonance that causes the jet to emit intense screech tones.

A method of approach for eliminating screech is the use of C-D nozzles operated at

their design pressure ratios, thereby preventing the formation of the above-mentioned

mechanism. This approach was used in this program to study the achievable noise attenua-
tion when reducing shock-related noise.

The study was conducted using a C-D slot nozzle designed for shock-free operation at a

nominal pressure ratio of 3.0. The nozzle has a throat aspect ratio of 100:1 (43 by 0.43 in.)

followed by a divergent section 0.4-in. long. Static taps upstream and downstream of the

throat were used to monitor the static pressure along the nozzle. The nozzle was operated

over a range of pressure ratios from 1.6 to 3.2, and the resulting noise fields were measured.

Identification of screech frequencv.-Presented in figure 6-143 is a typical nar¢ow-band

analysis (80 Hz) of the noise spectrum of a 100: 1-aspect-ratio convergent slot nozzle at a

pressure ratio of 3.0, illustrating the noise signature of screech. Powell, in reference 6-16,

derived the following relationship for predicting the fundamental frequency of a screech
tone:

f= a

K d [(PR)- 1.891 ½ (1)

where K is a constant, a is the speed of sound, d is the nozzle characteristic dimension, and

PR is the nozzle pressure ratio. On the basis of two-dimensional experimental data, Powell

found that when K was taken as 5.2 and when the nozzle height was used for characteristic

nozzle dimension, equation (1) fit his experimental points.

Using Powell's approach, the frequencies of the discrete tones observed in the spectra

of the various aspect ratio slot nozzles tested in this program were plotted and found, as

shown in figure 6-144, to agree well with Powell's relation for screech tones. This

indicates that the discrete spikes are indeed caused by screech.
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Since screech occurs as well for round convergent nozzles above the critical pressure

ratio, Powell's method has been extended to the test results of the standard nozzle of this

program, to the results of Simcox (ref. 6-19), and to those of Franklin (ref. 6-20). It is
found, as shown in figure 6-144, that using the value of K = 2.8 and the nozzle diameter for

characteristic dimension gives a good estimate of the frequency of screech for round con-

vergent nozzles.

Noise levels.-Presented in figures 6-145 through 6-149 are the measured overall sound

pressure levels (OASPL) and perceived noise levels (PNL) of both 100:1 aspect ratio con-
vergent and C-D slot nozzles over a range of pressure ratios from 1.6 to 3.2. From these
measurements it is seen that when the C-D nozzle is operated much below its nominal design

pressure ratio of 3.0, the levels of its noise generation are considerably higher than those of
the convergent nozzle. This is caused by the formation of a shock wave in the divergent
section of the C-D nozzle. Although the presence of such a shock wave would tend to have a

suppressing effect on the noise by reducing the velocity of the jet, it appears that the normal
shock contributes considerably to the acoustic output.

As the pressure ratio is increased toward the design point of the C-D nozzle, the noise

levels of the C-D nozzle become lower than those of the convergent nozzle. The largest noise

attenuation, occurring at the C-D nozzle nominal design pressure ratio, is of the order of 5

dB in SPL and 5 PNdB in PNL when the nozzle is perpendicular to the plane of measure-

ments (see figs. 6-145 and 6-146), and is of the order of 4 dB in SPL and 3 PNdB in PNL

when the nozzle is in the plane of the measurements (see figs. 6-147 and 6-148). These
attenuations are due to the fact that while the noise field of the C-D nozzle is primarily

generated by the shear-induced turbulence effects, the noise field of the convergent nozzle is

dominated by shock-related noise.

For pressure ratios between 3.0 and 3.2 the C-D nozzle exhibits a rather rapid rise in

noise level. Although no noise measurements were taken beyond a pressure ratio of 3.2,
references 6-5 and 6-17 have reported a continued rapid rise in noise levels when operating

C-D nozzles at pressure ratios much higher than their design points.

Figure 6-150 presents a comparison of shock-related noise attenuation achieved by

using a 100: 1-aspect-ratio C-D nozzle designed for a nominal pressure ratio of 3.0, and the

attenuations reported in reference 6-5 where four round C-D nozzles designed for pressure
ratios of 2.4, 3.2, 4.3, and 5.7 were tested. Good agreement exists between the results, and

advantage can be taken from these data for the purposes of design trade studies involving

effects of pressure ratios and temperatures on shock-related noise.

Spectra.-To identify the mechanisms responsible for the generation of discrete tones

in the measured noise fields of this study, narrow band analyses (80-Hz bancwidth) of the

radiated noise spectra are examined for their frequency contents. Typical results of this

analysis are presented in figures 6-151 and 6-152, illustrating the presence of spikes caused

by aerodynamic phenomena which radiate discrete tones.The spikes of figure 6-151 are

caused by the presence of a shock wave in the diffuser section of the C-D nozzle that cause a

substantial rise in the noise radiated by the jet when the nozzle is operated much below its
design pressure ratio. Figure 6-152 is the narrow-band spectrum of the C-D nozzle when

operated at its nominal design pressure ratio of 3.0. The spikes in the spectrum indicate the
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presence of shock-related noise caused by the fact that the actual pressure ratio for shock-

free operation of the C-D nozzle is slightly less than 3.0 and seems to be between 2.8 and

3.0. The contribution of these spikes to the sound pressure levels is 1.5 dB. Thus, the

achieved suppression caused by shock noise attenuation, shown in figure 6-150 could have

been improved from 5 to 6.5 dB had the C-D nozzle been operated at its actual design

pressure ratio.

Directivity.-From the data shown in figure 6-153, it is evident that the C-Dnozzle,

when operating near the pressure ratio for shock-free operation, is quieter than the conver-

gent slot nozzle at all angles of radiation.

Conclusions.-The results of this study indicate that for a jet operating at a particular

supercritical pressure ratio, there is significant noise attenuation to be gained by using a C-D

nozzle designed for that pressure ratio instead of a convergent nozzle. The largest attenua-

tion achieved by C-D design in this study is of tile order of 5 dB in SPL and PNL.

However, for jets operating over a wide range of pressure ratios, a noise penalty results

when operating a C-D nozzle much below its design pressure ratio (over-expanded regime).

Also, when exceeding the design pressure ratio (under-expanded regime) the noise level of a

C-D nozzle rises at a more rapid rate than that of a convergent nozzle. There exists a range

of pressure ratios, between the over-expanded and fully expanded regimes, where a moder-
ate attenuation of the order of 2 dB is achieved.

6.5.3.3 Multi-Element Nozzles

Several basic types of jet noise suppressors have been recognized. These include the

directional and mixing nozzle. A directional suppressor nozzle operates partly or completely

on the principle of redirecting the acoustic radiation. A slot nozzle is an example. The multi-

element nozzle belongs to the class of mixing nozzles. Mixing nozzles subdivide the jet exit

flow into many element jets that have a total jet area approximately equal to the original

circular nozzle area and distribute the element jets over a base area larger than the original

jet. The noise reduction of this class of nozzles involves a frequency shift and a lowering of

the velocity of the mixed jet. In the augmentor wing suppressor system the characteristics of

both suppressor types are combined.

Previous test experience has been sufficient to give some indication of the mechanism

by which multi-element suppressor nozzles function (ref. 6-9). A possible explanation is

conjectured in figure 6-154. For the case of multiple elements (tubes or lobes), one can

compute the noise to be expected from a number of separate element nozzles. The total

noise level is the same as for a single element, but the spectrum is shifted to the right accord-

ing to the Strouhal number relations where the characteristic dimension is the element

dimension and the velocity is determined by the nozzle exit conditions. In most multi-

element arrangements, the elements are relatively close together and there was a merging of

the jet exhaust streams from the elements not far downstream from their exit plane.

Between the exit plane and the merging plane, a great deal of external air was entrained, but

in this region there was probably very little interference between the separate jets. Down-

stream of the merging plane, the flow can be expected to rapidly simulate the flow of a
simple circular nozzle made up of the basic airflow plus the airflow entrained prior to the
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merghlg plane. One can expect the noise produced downstream of the inerghlg plane.s to be

similar to that produced by a larger jet with a larger airfh)w btlt a slower velocily. I:igure

(_-J54 shows hypothetically the anlount of noise that might be i_roduced downstream ()f the

merging. This noise should be subject to colnputation if the _.llnotln| of air entrained

I_tween tile exit plane and tile merging plane were known. The noise produced by the

._parate.jets prior to reaching the merging plane will be less than thai which these same_jels

would produce if they had not merged. Tile anlotlnt of this reduction will he very Much

dependent upon the spacing of tile jets one from another or tile area ratio of tile nozzle.

Thus, a high-area-ratio nozzle with large spacing between tile jets should give little suppres-

sion of the high I'requencies that are produced clone to the exit plane. A lower area ratio

with jets clo_r together and a shorter distance to the merging plane would be expected to

generate less high-frequency noise. The model test data show similar trends, l lopcfully, a

theory of suppression can be developed in the near future.

The four multi-element nozzles (figs. 6-35 and 6-36) were tested at ambient total

temperature over a range of nozzle pressure ratios from 1.6 to 3.0. Pictures of these nozzles

arc presented in Figure 6-33. A Brief physical description of each multi-element nozzle is

tabulated in table 6-2 for reference.

TA BL E 6-2. -MUL TI-EL EMEN T NOZZL E GEOME TR Y

Configuration
nu mber

6-1

6-2

5-1

5"3

Element

type

Tubes

Tubes

Lobes

Lobes

Element

number

70

140

70

7O

Area

ratioa

3.5

4.0

2,5

4,0

Flow areab

sq in.

18.7

18.7

18.7

18.7

aArea ratio (AR) =enclosed array area
flow area

bModel dimensions (full-scale dimensions are 6.4 times as large)

Span b

in.

43

43

43

43

Element

dimension b

in.

0.58

0.41

0.24

(lobe Width)

0.15

(lobe width)

Noise characteristics of these nozzles Were compared with those of a 100: l-aspect-ratio

convergent slot nozzle of the same span (43 in.) and model flow area (18.7 sq in.) to deter-

mine noise suppression values.

Acoustic data have been scaled to a nozzle flow area of 770 sq in. (6.4 scale), which is

representative of current augmentor span flow area. The data were evaluated at a 320-ft

radius from the nozzle exit centerline plane.



Noise leveL-A comparison of peak noise levels for the different multi-clement nozzles

with the 100: l-aspect ratio slot of tile same span is presented in figure 6-155. The peak

noise levels along a 320-ft arc were determined by examining the noise directionality

patterns.

it is evident that these multi-element arrays are more efficient in lowering the overall

sound pressure level than the perceived noise levels. This would imply that the peak noise

spectrum was not significantly altered by multi-element geometry in the PNL-sensitive

region. The noise level reduction is also shown to be sensitive to nozzle pressure ratio (and

jet velocity). At the high pressure ratios, noise reductions of the order of 5 to 7 PNdB and

10 to 12 dB (OA) are observed. The ability of multi-element arrays to attenuate the shock-

induced noise generated at pressure ratios above 1.89 may account in part for this effective-

ness. Increased velocity is another factor: noise suppression in general improves with

increase in velocity to about 2000 ft/sec. Low pressure ratio (1.6 to 2.0) operation of these

nozzles produced only small values of PNL and OASPL reduction. Suppressor design

principles appear to lose validity for overall noise reduction in the low velocity range.

Spectrum-shaping capability in the lower frequencies is still maintained, however.

Lobe element arrays were the most effective suppressors. These nozzles had the

smallest element dimensions (lobe width) of any of the suppressors and hence provided the

greatest spectrum shift. Changing the area ratio produced essentially no change in the PNL.

Doubling the number of the tube elements (and decreasing the element diameter) was effec-

tive in reducing the noise. Directivity characteristics associated with high-aspect-ratio arrays

are still in evidence. Noise reduction potential of these suppressors remained relatively

uniform with array orientation.

Noise directionality.-Typical noise directionality patterns (figs. 6-156 and 6-157)

show the peak noise levels (PNL and OASPL) to occur between 130* and 140*. A peak noise

radiation angle of 135* was assumed in the initial STOL predictions. This means that for the

airplane flyover case (/3= 0") with the nozzle rotated 45" from the horizontal, the maximum

noise is radiated almost straight down. Such a direct path provides no noise attenuation

advantage with distance. It would be desirable to shift the peak energy to a higher angle (say

1113") in order to take advantage of the longer noise path for attenuation purposes. Heated

flow may provide this favorable change in directivity.

The directionality patterns of the multi-element array are similar in the 100:1 conver-

gent slot nozzle pattern; only a general reduction in noise level is noted. It is evident that
multi-element nozzles produce very little change in the shape of the directionality patterns

with respect to the reduction observed to increase with increasing nozzle pressure ratio.

Orientation of the arrays to the runway sideline configuration, figure 6-158,/3 = 90*

reduces the directionality and noise level range. Increasing the nozzle pressure ratio also

produced a flattening of the directionality pattern, indicating an increase in the noise at the

lower angles (fig. 6-159).
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Noise spectra.-Multi-element nozzle noise spectra are compared with the 100: 1-aspect

ratio slot for two different pressure ratios in figures 6-160 and 6-161. At a pressure ratio of

2.0, one-third octave band noise reduction is found only in the low- and mid-frequency

range. The higher frequency levels sensitive to annoyance do not appear to be influenced by
element size reduction, shape change, number of elements, or area ratio. Hence, ordy a very

small reduction in PNL is calculated. This trend is improved for the pressure ratio 2.6 opera-

tion. Improved noise performance with pressure ratio is not well understood; contributing

factors are thought to be shock-induced noise attenuation and a favorable frequency shift

determined by Strouhal number relations.

Increasing the 70-lobe array area ratio from 2.5 to 4.0 provided a desired decrease in

the low-frequency energy. This is illustrated in figure 6-162, where 3 to 5 dB reduction is

noted. In fact, both the area ratio 4.0 nozzles generate the same amount of low-frequency

noise, even though one was a tube array and the other a lobe array (see fig. 6-160, 0 = 150*).
Area ratio is a very important parameter in controlling low-frequency noise generation.

Further reductions would be expected for an area ratio 6.0 array. The trend is maintained at

other angles and pressure ratios. Noise reduction due to area ratio increase is very evident at

the higher angles close to the jet axis where low-frequency noise energy is concentrated.

There is an interesting correlation between the low-frequency noise and the downstream

velocity profiles. Increasing the area ratio leads to an increase in rate of secondary air

mixing. This results in a large-diameter, slower moving jet profile downstream of the nozzle

exit. The large diameter produces a lower frequency noise from Strouhal relations, and the

lower jet velocity results in a lowering of the noise level per Lighthill's relation.

Increasing the number of tube elements from 70 to 140 with only a slight change in
area ratio (3.5 to 4.0) resulted in a favorable mid-frequency noise reduction (fig. 6-162).

Further reductions in the noise would be expected for a 280-tube array. As the element

number is increased for a constant area ratio array, the element dimensions become smaller,

resulting in a higher peak frequency according to Strouhal relations. This produces noise

reduction in a slightly higher frequency range. Previous studies pertaining to SST tubular

suppressor designs (ref. 6-9) may be used to substantiate this trend (fig. 6-13). A similar

effect with lobe-type geometry is expected but needs test verification.

It is evident from the above data that decreasing the nozzle element dimension pro-

duces a shift in the peak level frequency according to the Strouhal relation [fmax =

K(Vj/d)I, where K is assumed to be 0.3 for the tubular elements and 0.15 for the lobe
elements. Determination of this constant has been made from previous round convergent

nozzle studies and the slot nozzle analysis presented in this report. Figure 6-163 shows the

frequency increase of the peak level With decreasing element dimension (lobe width or tube
diameter). Nozzle exit velocities determined from pressure ratio and total temperatures were
used in these calculations.

As the nozzle pressure ratio is increased 1.6 to 3.0, a change in the noise spectrum pro-

file is noted in figure 6-164. Part of the change may be attributed to shock-induced noise as

is evidenced by the "rough" spectrum shapes. These phenomena are presented in narrow-

band form in figure 6-165. Screech noise frequency prediction relations presented in section

6.5.2 were used to identify these sources.
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It is interesting to observe that the low-frequency energy (approximately 125 Hz)

increases at a more rapid rate than the high-frequency energy ( 1000 Hz). For higher pressure

ratio operation it is therefore desirable to use a high-area-ratio nozzle to keep the low-

frequency energy down. This may be attributed to the fact that as pressure ratio increases

the area ratio becomes effectively smaller since expanded flow area is greater, hence less

mixing and less low-frequency noise reduction occur. Note that the peak levels occurring
near 1 kHz are about the same for both nozzles.

The rectangular array multi-element nozzles have been tested at four different orienta-

tions. Typical spectra (fig. 6-166) show very little change with orientation until the/3=90*

orientation. This corresponds to a runway sideline condition during takeoff roll of the air-

plane. A flattening of the spectrum and a lowering of the PNL and OASPL are noted, con-

firming the shielding mechanisms associated with high-aspect-ratio arrays. The suppressor is
most effective to the runway sideline. Lack of noise level change with orientation for the

other orientations (13" to 60*) indicates a symmetrical noise radiation pattern for these

angles. This should simplify noise contour plotting for the multi-element nozzle arrays. One

other point should be made concerning the orientation effects. Note that the low-frequency

energy is not affected by the orientation, even at 90*. This indicates a symmetrical jet

downstream.

Area ratio, element shape, number, and size are effective in shaping and attenuating the

noise spectrum. The shaping, however, has occurred mainly in the frequencies below 1000
Hz. There has been little reduction in the noise above 1000 Hz, hence very little reduction

in the PNL (see fig. 6-162, for example). Perceived noise level is very sensitive to the noise

energy in the 1000 to 10,000 Hz range. For increased suppression a device must be found

that will be effective in reducing the higher frequencies. Previous testing has shown that a

lined shroud should provide significant suppression. For the augmentor wing noise sup-

pressor system, in-line arrays of elements have been used with selected spacing, element
number, and shape to reduce the low- and mid-frequency energy and use of the lined shroud

is planned to complement the total design by reducing the high frequencies. In this manner

optimum use is made of each suppressor component design technique.

Noise suppression.-The multi-element configurations have been compared to the
100: 1-aspect-ratio slot nozzle geometry to determine noise suppression. Figure 6-167 pre-

sents noise suppression as a function of pressure ratio, configuration geometry, and array

orientation. Noise suppression is observed to increase with pressure ratio (and jet velocity).
More OASPL reduction than PNL reduction was observed. Orientation appears to have little

effect on suppression. The 70-lobe arrays provided the most noise reduction. Further

improvements in suppression characteristics are also possible by increasing the area ratio and
the number of elements with corresponding size reduction.

Distance effects.-Extrapolation of noise levels to distances greater than the measure-
ment distance involves calculation of the attenuation of noise due to spherical divergence

and atmospheric absorption. Spherical divergence results in a decrease in the intensity of

sound with the square of the distance from the same. It is independent of frequency;

doubling the distance reduces the noise 6 dB.
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Two types of atmospheric absorption, "classical" and "molecular," are considered.

Classical absorption is a function of frequency and temperature; molecular absorption is a
function of frequency, temperature, and relative humidity. The reduction of noise energy

per unit distance is significant for the high-frequency energy produced by jet engines. This is

especially true for suppressor nozzles where the peak energy levels occur in the high

frequencies.

In figure 6-168 the effects of these absorption parameters with distance are presented

for the 70-lobe area ratio 4.0 array. An average reduction of 8 PNdB and 7 dB for doubling

of distance is observed. The dashed lines representing round convergent nozzles show

slightly less reduction with doubling of distance, indicating less significant high-frequency

energy and hence less effective attenuation by atmospheric absorption.

Conclusions. -Selection of a multi-element nozzle for testing with a lined flap config-

uration is now possible using information presented in this report. The curves of figure

6-167 indicate that the best suppressors tested to date are the 70-element lobe arrays. Area

ratio difference between these two arrays made little difference in the PNL and OASPL

characteristics. However, spectrum analysis (see fig. 6-162) shows significant reduction in

the low-frequency noise as the area ratio is increased from 2.5 to 4.0. It is important to

select a multi-element nozzle that will provide the best low-frequency suppression when

PNL suppression characteristics are nearly equal, because the lined flap test results from

previous programs have shown that flaps effectively attenuate high-frequency noise energy
but have very little effect on low-frequency noise levels (fig. 6-12). The low-frequcncy noise

reduction must therefore be obtained by the multi-element primary suppressor. For these

reasons, the 70-lobe multi-element nozzle with an area ratio of four was selected as the

initial primary suppressor nozzle to be tested in combination with the lined flaps.

Test results from rectangular arrays of multi-element nozzles have demonstrated that

element number, shape, and area ratio are effective in shaping the noise spectrum and pro-

viding OASPL and PNL noise reduction. Increasing the nozzle pressure ratio produced a

continuous increase in the OASPL but a flattening of the PNL at the higher pressure ratios
(fig. 6-169). Orientation effects are still in evidence (fig. 6-170) for multi-element arrays.
About 4 PNdB reduction in level is noted as the nozzle is oriented to the end side.

A comparison of the multi-element nozzle noise suppression and nozzle performance

relative to the 100: 1-aspect-ratio slot nozzle is summarized in figure 6-171.

®

6.6 APPLICATIONS

Augmentor wing noise estimates were made for a 150-passenger STOL airplane using

the test data for the 100: 1-aspect-ratio C-D slot, the 400:1 aspect-ratio slot, and the 70-lobe

nozzles. Four 20,000-1b (static thrust) engines were used to power the aircraft. An aircraft

velocity of 100 kn at 500-ft altitude was assumed. A noise path distance of 700 ft was also

assumed in estimating the 500-ft sideline perceived noise levels. For a 45*flap/engine rota-

tion, this implies that the noise path is nearly vertically down and to the side.
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The noise was calculated by scaling the test data in the following manner. First, the 6.4

scale data (770 sq in. flow area) peak PNL was observed to occur near the 135* noise radia-

tion angle. The peak noise level at a model pressure ratio which corresponded to the actual

engine exhaust relative velocity was selected and corrected for engine density and area varia-

tions required to maintain a constant 40,000-1b engine thrust per span. The broadside noise

level was adjusted to account for a 45* orientation geometry. Three dB was added to correct
for the other wing span noise. Since scaling of the data by a factor of 6.4 resulted ill slot

heights very close to typical augmentor wing slot heights, and since the analysis results have
also shown very small changes in PNL with slot height variations, no frequency corrections

were made. Because of the limited velocity range of the test data, the augmentor wing STOL

noise estimates at an engine pressure ratio of 3.0 were obtained by extrapolation procedures

using previous trends and the Lighthill relations (SPL - 10 log Ia2AV8).

Augmentor wing noise estimates are compared to the initial prediction in figure 6-172.

The scaled tests show good correlation with the initial predictions in the pressure ratio 2.0

range. At higher pressure ratios a wider range of levels somewhat higher than predicted was

found. This difference has been attributed mainly to shock-induced noise. Further reduc-

tions of the multi-element nozzle noise are possible with increased area ratio, number of

elements, and corresponding decrease in element size.

The thrust losses due to the internal friction of nozzles with similar internal flow

acceleration, similar base drag effects, and the same exit areas can be correlated with nozzle

wetted perimeter or hydraulic diameter. Velocity coefficients measured for six augmentor

primary nozzles tested in task I were plotted versus equivalent hydraulic diameter for itozzle

pressure ratios of 1.6 and 2.6 in figure 6-173. This relationship provides a method for

estimating the nozzle performance of any suppressor nozzle of similar design selected for an

airplane augmentor nozzle with knowledge of the hydraulic diameter after applying correc-

tions for Reynolds number effects. A method for adjusting the velocity coefficient of a
nozzle for Reynolds number effect is also shown in figure 6-173. The calculations involve

turbulent, compressible boundary layer analysis suggested by B. S. Stratford (ref. 6-21).

The following example illustrates the estimation of performance of an airplane aug-

mentor primary nozzle from model data: Using a suppressor nozzle selected for the airplane

with an equivalent hydraulic diameter of 0.05 and operating at a pressure ratio of 2.6, the

nozzle velocity coefficient is 0.961 uncorrected for Reynolds number effects. CV at RN2 is

the airplane nozzle Reynolds number and the CV at RNI is the model nozzle Reynolds

number. The CV correction is determined from the appropriate scale factor (RN2/RN1) if
temperature effects on Reynolds numbers are neglected. At a model nozzle C V --0.961 and

a scale factor of 4, the airplane nozzle CV is = 0.970.

Also shown in figure 6-173 are two data points measured from the 0.7 scale model

modified C-8A (Buffalo) augmentor flap tests conducted at Boeing. The model was a double

slot nozzle with aspect ratios of approximately 700 for each slot. The slightly lower nozzle

performance compared to the task I predicted performance levels is most likely due to turn-

ing vane losses.

The takeoff noise footprint (fig. 6-174) weredetermined with the help of a computer pro-
program. The program flies the aircraft along the specified flight profile and extrapolates the

peak noise produced by the aircraft. The noise is extrapolated to a grid of individual
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observationpointson theground.Theresultinggridandassociatedpeaknoiselevelis
searchedin aninterpolativeprocedurewhichdeterminesthelocationof thespecifiedfoot-
prints. In addition,anumericalsummingproceduretotals thearea,from theendof therun-
way to thefootprint closure,within eachspecifiedfootprint. Inputsfor thisprogramwere
obtainedfrom figures6-172,6-175,and6-176.
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Strouhal number relationships (SN)

flD E

SN = VR.

SN = a nondimensional parameter
(0.22 for round nozzles)

(0.15 for slotted nozzles)
fl = peak frequency, Hz

V R = relative jet velocity, ft/sec

D E = round nozzle diameter, ft, or slot height, ft

S._NN= f_._' SN
"" D E V R D---E= Kconstant VRK = fl

fl J
V R

*V R = (Vie t - Vairplane)

SPL

VR..._

SPL

fl f2 f3

V = constant

D D

/lJet is a direct function of engine power setting, i.e.,
) Nozzle pressure ratio and temperature

(2) Thrust and rrfassflow
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FIGURE 6-19.-ACOUSTIC DATA ACQUISITION SYSTEM
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FIGURE 6-30.-BASEL INE CON VERGENT NOZZL E MODEL



50:1-a._ )ect-ratio nozzle, /_ = 90 °
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1.3 in.

.432 in.

Convergent Nozzle

1.3 in.

Convergent-Divergent Nozzle

.432 in.
.474 in.

A
FIGURE 6-32.- TEST CONFIGURATIONS- 100: ! SLOT NOZZLES
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43 in. 0.43-in. throat

Nozzle aspect

ratio = 100 Nozzle design point-NPR = 3.0

PURPOSE: DETERMINE QUANTITATIVE ACOUSTIC EFFECTS OF CONVERGENT-DIVERGENT

NOZZLE GEOMETRY ON THE 3-D AP NOISE PATTERN FOR THE DESIGN AND OFF-

DESIGN NPR i.e.,

Overall SPL, dB

- j__/f Convergent nozzle

. __. i/_'- C-Dnozzle O

Y e----- Delign point NPR

D

i

NPR

Test conditions:

Data output:

NPR = 2.0, 2.6, 2.8, 3.0, 3.2

TT = ambient, 350 ° F

Noise levels (OASPL, PNL)

Spectra (third-octave band SPL)

Directivity (e)

Th rust performance

FIGURE 6-33.- TEST CONFIGURA TIONS--C-D SLOT NOZZLE
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70 tube, 3.5 area ratio

!

FIGURE 6-34.-SLOT AND MUL TI-ELEMENT NOZZLES
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70-lobe nozzle

Spacing ratio = 2.5

Nozzle area = 18.7 sq in.

70-lobe nozzle

Spacing ratio = 4.0

Nozzle area = 18,7 sq in.

FIGURE 6-35.- TEST CONFIGURA T!ONS-LOBE NOZZLES
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1.55 in.

D = .58 in.

70-tube nozzle

Area ratio = 2.5

2 rows

Nozzle area = 18.7 sq in.

1.72 in.

140-tube nozzle

Area ratio = 4.0

3 rows

Nozzle area = 18.7 sq in.

FIGURE 6-36.-- TEST CONFIGURATIONS- TUBE NOZZLES

D = .41 in.
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O Nozzle tube-interior

[3 Nozzle tube-exterior

A Nozzle lower surface

<> Nozzle upper surface

FIGURE 6-37.-STA TIC PRESSURE TAP L OCA TIONS 140- TUBE,
4.0 AREA RATIO NOZZLE
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O Nozzle tube-interior
IZ] Nozzle tube-exterior

A Nozzle lower surface

_) Nozzle upper surface

FIGURE 6-38.-STA TIC PRESSURE TAP L OCA TIONS-70- TUBE,

3.5 AREA RATIO NOZZLE
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O Lower plate-exterior

r'l Lower plate-interior

Secondary air passage-bottom

<_ Secondary air passage-top

D Primary air lobe-top

(] Secondary air passage-sidewall

0 Primary air lobe-sidewall
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Primary air

0

.85 in.--_-
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2.25 in.

2.65 in. =_

3.25 in..

Top

...... °°.

...... °°.
o. ......
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air
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,-......°o,, • • • ,.+°o-.....

'": X" D;.;.:';'
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q •
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FIGURE 6-39.--STA TIC PRESSURE TAP LOCA TIONS-70-LOBE,
2.5AREA RA TIO NOZZLE
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FIGURE 6-40.-STA TIC PRESSURE TAP L OCA TIONS-7_L OBE,
4.0AREA RATIO NOZZLE
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FIGURE 6-41.-140- TUBE BREA KUP NOZZLE
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FIGURE 6-42.- REFERENCE NOZZLE PERFORMANCE REPEATABILITY
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160
Jet noise = maximum passby, OASPL at 200 ft off-axis normalized for p = 1 Ib/cu ft, A = 1 sq ft

O Mean of runs, 1, 2, 3, 33, 188, 189

Total temperature = ambient I

z-
00

.o
o
.o_
E

04
O

8
o

co
"o

o
o

I
A

cc
>
v

o
m

o

150

140

130

120

t10

IO0

9O
5

I I "1 I I

6 7 8 9 103 1.5

Jet relative velocity, V R, ft/sec

1

2

FIGURE 6-44.- NORMAL IZED MEAN OASPL
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DEVIATIONS FOR RUNS I, 2, 3, 33, 188, and 189
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F/GURE 6-48.- PRIMARY NOZZLE PERFORMANCE
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FIGURE 6-49.-SLOT NOZZLE PERFORMANCE, ,,ZR = 50 (EXPANDED EXIT)

RUNS 47-51, 5/14/71
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FIGURE 6-53.-SLOT NOZZLE PERFORMANCE, ,,OR= 400 (EXPANDED EXIT),
DIIAIC 19 40 A,"3¢)1"14 A.e.-_ a/.'_r_p_
_J_lv_ i_-_,., t "ttJOI/ I ,,=-_iL) _/L._// I

@



1.02 --

A

W

CV

C D

1.00

.98

.96

.94 --

.92

1.02 --

1.00

.98

.96

.94

.92

I I I I I I I I
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Nozzle pressure ratio (NPR)

Run number

O 2O

D 22
LI 23

O 24
[_ 25
n 26

i I I I I I I
1.6 1.8 2.0 2.2 2.4 2.6 2.8

Nozzle pressure ratio (NPR)

I
3.0

FIGURE 6-54.- SLOT NOZZLE PERFORMANCE, ,,XFI= 100 (STABLE EXIT),

_1/t, le _n._ 5,/r./71 AND r./_/?,
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FIGURE 6-55.-CONVERGENT-DIVERGENT SLOT NOZZLE PERFORMANCE, DESIGN

PRESSURE RA TIO 3.0, RUNS 52-59, 5/18/71 AND 5/19/71

2 .sz_



CV

1.00

.98

.96

.94 --

.92 --

.90

1.00 --

I I I I I I I I
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Nozzle pressure ratio (NPR)

CD

.98

.96

.94

.92

.90

Run number

O 60
rl 61

Z_ 62
63

r_ 64

I t I I I I I
1.6 1.8 2.0 2.2 2.4 2.6 2.8

Nozzle pressureratio (NPR)
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FIGURE 6.61.- SLOT NOZZLE JET VELOCITY PROFILES,/Ft= 400, X/h S = 3, RUN 8, 4/28/71
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FIGURE 6-62.- SLOT NOZZLE JET VEL OCITY PROFILES, ,,4:t = 400, X/h S = 5, RUN 9, 4/28/71
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FIGURE 6.63.-SLOT NOZZLE JET VELOCITY PROFILES, /Ft = 400, X/h s = 7, RUN 10, 4/28/71
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FIGURE 6-144.- NONDIMENSIONAL WAVE LENGTH OF SCREECH
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7.0 AERODYNAMIC DESIGN OF

AUGMENTOR WING SECTION

7.1 INTRODUCTION

An augmentor wing consists of a jet flap issuing from an ejector. The aerodynamic

design and analyses of such a wing section at a high-lift condition must account for bound-

ary layer effects, ejector characteristics, jet mixing, and jet displacement. The complete

theoretical solution of such a turbulent, viscous flow problem is unattainable at present. By

drawing upon semi-empirical results from ejector and augmentor wing studies, as well as

observations of certain jet characteristics, a useful design and analysis method has been

formulated during task I of the present program. It consists of simulating the essential fea-

tures of the flow around an augmentor wing by potential flow singularities. The singularity

representation was developed in the present program, and solutions were obtained using an
existing potential flow analysis method (ref. 7-1).

Lift, pitching moment, pressure distribution, and streamlines can be calculated for a

given augmentor wing geometry, jet momentum coefficient, and assumed jet entrainment

rate based on estimated ejector performance. A procedure was also developed to allow the

designer to modify the shape of the augmentor wing segments to improve the pressure
distribution.

Since the potential flow analysis method, in the form of a computer program, was not

developed under the present contract, only a brief description of it is given in this section.

O This method has been used to design a new augmentor configuration known as flap "A,"and to analyze a streamwise wing section of the NASA Ames phase VI augmentor swept
wing model. The results are discussed in this section.

7.2 DESIGN AND ANALYSIS METHOD

7.2.1 Description of Existing Potential Flow Analysis Computer Program

The computer program uses the method of singularities to find the forces, moments,

pressure distributions, and streamlines on a multi-element airfoil in two-dimensional

potential flow. The surface of the wing section is represented by vortex polygons. The

strengths of these vortices are unknown and have to be determined subject to boundary

conditions. These conditions, in the simple cases without jet or boundary layer simulation,

are: no flow through the airfoil surface and the Kutta condition at the trailing edge of each

airfoil segment. These boundary conditions and the unknown vorticities yield a simul-

taneous system of linear equations that are solved by matrix inversion. Computed vorticities

agreed well with exact solutions in numerous check cases. An example is shown in figure
7-1.

For a jet-flapped airfoil, the jet sheet is represented by a line of unknown vortices and

treated in a manner similar to an airfoil. The final shape of the jet sheet is arrived at through

an iterative process in the program such that the pressure difference across the jet sheet is

proportiooal to the curvature and the rate of jet momentum flux. The lift calculated for a

thin jet-flapped airfoil is shown in figure 7-2 in comparison with Spence's linearized theory
(ref. 7-2).
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To increase the versatility of this analysis method, the program also allows one to

specify known and unknown singularities and additional boundary conditions in the flow
field to model various physical flow problems.

7.2.2 Application of the Program to Augmentor Wing

The mathematical model of the augmentor wing consists of the usual vortex polygon

representation of the airfoil and jet sheet plus a distribution of line sinks of known strength
to account for jet entrainment in the ejector and a source/vortex barrier of unknown

strength across the ejector exit to control the exit jet width. Figure 7-3 shows the special

singularity representation of the augmentor flap and typical calculated streamlines and jet

sheet.

The line sinks simulating jet entrainment are located along an estimated jet path (locus

of maximum velocity point) in the ejector. The total entrained air flow is based on semi-

empirical ejector theory. The sink distribution shown in figure 7-3 is based on incompress-

ible free jet data (see ref. 7-3).

The source/vortex barrier at the ejector exit consists of two closely spaced lines of
vortices and sources. The source barrier is on the exit side of the barrier and is used to fill in

the exit flow field, satisfying prescribed flow direction behind the flap and shroud trailing

edges. The vortex barrier is used to control the flow past the ejector exit. The vortex sheet

simulating jet flap begins at the ejector exit and follows the estimated jet path within the

ejector. The appropriate specification of singularities at the ejector exit is important to
obtain a reasonable solution, i.e., no flow around the flap and shroud trailing edge plus the

rapid convergence of the jet sheet iterations.

To reduce computer time, the number of unknown vortices representing the airfoil is

reduced during jet sheet iteration. Once the jet flap solution is obtained, both the jet sheet

and source/vortex barrier are input as known singularities, and the airfoil vortices are enriched

to obtain well-defined surface pressure distributions. Minor modifications of airfoil shape to
improve the pressure distributions can also be made without changing the jet flap solution.

This procedure allows the refinements to augmentor aerodynamic design to be made in a

reasonable time.

The method of modeling the augmentor jet flap configuration described above presents

a reasonable facsimile of the flow, as evidenced from the streamlines presented in figure 7-3.

This is especially true when one considers the simplicity of a potential flow model used for a

configuration that actually involves some very complicated viscous interactions. As is true

with all mathematical models of flow phenomena, the model is subject to improvement,

based on experience gained from the analysis of applicable experimental data.

7.3 FLAP "A" DESIGN

The preliminary results of system design studies indicated that the projected airplane
will have a flap chord to primary nozzlc slot height ratio of only about half that on the

modified C-8A Buffalo airplane (ref. 7-4), or the NASA-Ames phase IV model (ref. 7-5).



Thismeansthat theprojectedaugmentorwill haveasmallerejectorarearatio (secondaryt,-_
primary)andshortermixinglengththanthe Buffaloconfigurationandconsequentlya los-:
in thrust augmentationratio (ref. 7-6).Therefore,theprimaryaimin flap "A" designis to
achievehighthrustaugmentationat thetakeoffflap settings.

Thedesignconditionsandconstraints,chosenbasedonsystemdesignstudies,areas
follows:

1) Mainwing(nozzlelip) trailingedgelocatedat 75%chord

2) Flapchordof 27%wingchord

3) Augmentorsegmentsthat nestwithin cruiseairfoil profile

4) Designnozzlepressureratioof 2.5

5) Takeoffflap deflectionof 35*andC/_= 1.2

6) Go-aroundflapdeflectionof 50*andC_= 1.2

7) a2.D = 0°, V,m = 80 kn

The design of flap "A" assumed the use of breakup (lobe) nozzles to promote mixing

and thus improve both thrust augmentation and noise reduction potential. But the use of a

breakup nozzle having the same exit area as a slot nozzle results in a thicker jet, which tends

to turn less by coanda action. This becomes a problem at the landing and approach flap
deflections.

To assist jet turning, the nozzle axis is rotated 20* down with respect to the wing

chord, the lower nozzle lip extension forms a coanda surface, and the lower flap has a gen-

erous radius under the jet. At very large flap deflection the sealing of the flap gap should
further enhance turning.

To reduce the diffuser length required for a given pressure recovery, the passage

formed by the flap and the shroud has a nonlinear area distribution. It is designed to yield,
in potential flow, a pressure distribution such that the boundary layer remains attached

despite a more adverse pressure gradient than that given by a linear diffuser.

The shapes of the intake and shroud are designed to minimize surface peak velocities.

The BLC slot formed by the intake and the shroud is located to take advantage of the suc-
tion created by jet entrainment. The design was based on analyses for flap deflection of 35*

and 50o. Similar analyses will be made for the landing flap deflection in task II.

A

7.4 RESULTS OF POTENTIAL FLOW CALCULATIONS

Potential flow solutions for three augmentor flap configurations have been obtained.

The lift and pitching moment coefficients are given in table 7-1.
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TABLE 7-1.-CALCULA TED RESULTS FOR AUGMENTOR FLAP CONFIGURATIONS

C8_

I

II

III

Augmentor

flap

configuration

A

A

Baseline

6f ef/c

35° 0.27

50= 0.27

5O= 0.35

0o

0 e

0 o

C/_

1.2

1.2

1.2

C_

5.85

7.86

7.95

Cm/4

-1.23

-1.56

-1.65

The surface pressure distributions for the three cases are shown in figures 7-4 through

7-6. The baseline flap represents a typical streamwise section of the Ames phase VI swept

wing model (ref. 7-5). Dotted lines are used in the pressure distribution plots to indicate

regions where the pressures are questionable because of the mathematical modeling of the

ejector. The shapes of the augmentor elements in flap "A" have undergone considerable

refinement to achieve the low suction peaks (Cp "n greater than -9 at 6f = 35*and -10 at
• • m

50*) shown in figures 7-4 and 7-5. The suction pea_s on the intake and the flap are

extremely high for the baseline flap. These high peaks could be due partly to the entrain-

ment model. However, the sharp leading edge of the intake is also a likely cause of high local
velocities.

The assumed total entrainment and its distribution along the jet path were based on

ejector characteristics with multi-element breakup nozzles. The same assumptions were

incorporated in all three cases. Since the baseline flap used a slot nozzle, one would expect

lower rates of entrainment than those of the multi-element nozzle. To compare the cal-

culated pressure distribution with experimental data, the entrainment model in case III

should be adjusted. Reducing the entrainment should lower the flap and intake suction

peaks.
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8.0 CONCLUSIONS TASK I

(NAS2-6344)

The initial program noise objective of 95 PNdB at 500-ft STOLport sideline distance

appears to be achievable for the augmentor wing within the state of the art developed in this
program. Precontract noise source estimates and noise level predictions have been confirmed

for the basic slot nozzle with large aspect ratios and for the multi-element breakup nozzles.

Additional noise reduction methods for these nozzles have been developed which enhance

their noise reduction capability. Flap systems are in the process of being tested and hold the

excellent technical promise of large amounts of noise suppression, especially with properly
designed, frequency tuned, single-layer acoustical lining material installed in the shroud
system.

Ninety PNdB at 500-ft STOLport sideline is a realistic extended program target to be

obtained for the augmentor wing. Additional noise suppression is achievable with systems

design optimization relative to flap mixing length, noise source location and definition, aug-

mentor primary nozzle design, and increased acoustic lining efficiency. Optimization design

procedures coupled with multiplayer lining developments collectively produce a system

which predicts a 1978 design point, with a 1976 design release date, of 87 to 92 PNdB for
the nozzle pressure range of 2.0 to 3.0.

Performance and acoustic data from this test program had a very high degree of ,

accuracy and repeatability. Nozzles tested showed high velocity coefficients.

One of the prime factors in the practicality of the augmentor wing airplane is the

capacity of the wing to contain the large amount of ducting required. This question is par-
ticularly relevant to the two-stream engine concept, wherein 80% of the thrust is ducted to

the wing.

The wing design was compromised in favor of large duct capacity by lowering the

aspect ratio and decreasing the width of the wing box. In the initial design it was decided to

operate at the lowest possible augmentor nozzle pressure ratio in order to favor low noise.

Many ducting and nozzle designs were studied and a system was chosen with four engines
operating in parallel feeding a common plenum duct. This design permitted operation at a

nozzle pressure ratio of approximately 2.0, which was the objective at the start of the
contract.

The plenum ducting system with engines in parallel presents some problems in

dynamics and stability of the system, such as the problem of removing a stalled engine from

the line without disturbing the remaining engines. This can be accomplished with an inde-

pendent system, which requires more ducting and a higher pressure to accommodate the
required airflow. A nozzle pressure ratio of 2.5 to 2.7 is indicated. With the more favorable

noise levels now predicted it appears that the operational advantages of the independent
ducting system can be realized within the low noise level objective.

The problem of ducting very large airflows to the wing, as required by the two-stream
engine, can be alleviated by using a three-stream engine where a smaller airflow to the
• rtrt ....
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high-bypass-ratio fan. Airplane performance calculations showed that large engine size is

required to produce the lift required for wave-off, and the airplana TOGW increases
unless as much as 50% of the thrust is ducted to the wing. However, even at this design

point the remaining fan thrust results in turbomachinery noise, which is approximately 10

PNdB higher than the level of the two-stream engine version.

The ability of the augmentor wing concept to distribute the thrust along the wing has

important advantages during engine-out operation. The most effective design would distrib-

ute the thrust of each engine symmetrically with engine out; however, this results in the

most difficult ducting design. Analyses of the airplane roll moment characteristics with

various amounts of cross-body flow have been related to the roll control necessary for

normal operation and cross-wind landing. Allowing for this, the augmentor system can be

designed with independent ducting with approximately 25% crossover, permitting a simplifi-

cation of the duct arrangement and a major reduction in the augmentor nozzle pressure as

compared to the original 50% crossover design.

The conclusions derived from the task I study are summarized below:

1) Predict 90 PNdB at 500-ft sideline

2) Ducting possible at NPR = 2.0

3) Inlet noise critical

4) Noise data very close to predicted

5) Higher nozzle pressure acceptable for independent ducting

6) Nozzles show high velocity coefficients

7) Noise and performance data repeatable and accurate

8) System optimization permits significant improvement

9) Two-stream system appears superior

!0) Wing airflow crossover of 25% to 30% required



9.0 TASK II AND III RECOMMENDATIONS

Results of parametric tests to determine the noise attenuation and propulsion performance
of selected high-aspect-ratio lateral slot nozzles and multi-element nozzles have been presented

in this report. The 70-lobe (area ratio 4) and the 100: 1-aspect-ratio slot nozzles have been
tested with coanda lips for noise suppression and performance. Preliminary system design
studies to integrate the augrnentor wing jet flap into a practical STOL airplane have also
been completed and reported.

This information has been used to provide program definition for the task II and II1

parts of the program, where consideration is given to static tests of the noise of the aug-

mentor wing with acoustic lining and two-dimensional wind tunnel tests of the low-noise-

level augmentor wing. Continuation of the systems integration effort initiated in task I will

involve assessment of the interrelationship of duct designs, wing thickness, engine specific

fuel consumption, weight, and their effects on STOL transport aircraft performance and
noise.

Task II static rig tests will utilize the various nozzles designed in task I which have

indicated the best potential for low noise and optimum performance for initial testing with

the augmentor flap systems. Task II investigations shall also include measuring the noise

reduction and performance levels attributable to systematic installation of acoustic linings

on the flap interior surfaces.

Studies of system design and analysis to integrate the propulsion system and aug-

mentor wing will continue. Included in these studies are ducting component design layouts

for minimum pressure loss and weight, diverter valves, variable nozzle area, and other com-

ponents related to ducting air from the engine fans to the flaps. These studies, as well as the

task I systems integration studies, will be continued in task III.

Task III studies are to include analyses and experimental investigations of the effects of

various modifications to the augmentor wing jet flap for reduction of noise levels on the

sectional aerodynamic characteristics at forward speed conditions. Wind tunnel tests of two-
dimensional models will be conducted. The investigations of tasks I and II will determine

the static performance of the configurations, and a certain limited number of configurations

will be investigated during this task.

Recommendations for work to be conducted by the contractor in tasks II and IIl are

discussed below under three separate headings: static rig tests, wind tunnel tests, and system

design studies.

9.1 STATIC RIG TESTS

A schedule which outlines the proposed static rig test program for task II is presented

in figure 9-1. Test configurations, estimated design, fabrication, and test flow times are

identified. The reasons for testing these design._ and the sequence of testing are discussed in

the following paragraphs.
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To assess the potential of the total augmentor wing concept in a timely manner it is

desirable to test the augmentor with and without acoustic lining as soon as a suitable multi-

element nozzle configuration has been identified. The 70-lobe, area ratio 4 nozzle tested in

task ! has demonstrated excellent noise spectrum suppression characteristics compatible

with optimum nozzle-augmentor system total suppression goals. This nozzle has been

selected for testing with the augmentor flap design in task II.

An augmentor flap system (configuration A) was designed and fabricated in task I. The

design was based on aerodynamic, propulsion, and noise suppression considerations. Aero-

dynamic layout was designed to yield improved static thrust augmentation at flap deflection

angles between 30* and 50*. To reduce the amount of jet turning required, the exit plane of

the breakup nozzles was tilted by 20* with respect to the wing chord plane. A design nozzle

pressure ratio of 2.5 was selected. The contours of the flap system were developed by simu-

lating the flow field of the augmentor-flap airfoil in a two-dimensional potential flow com-

puter program. Flexibility in the augmentor flap components was maintained in the design
to ensure optimization capability for propulsion performance. Acoustic design recommenda-

tions incorporated into the flap design included a flap length extension segment for further

noise attenuation. Since the lower forward air entrainment gap between the nozzle and flaps

was considered a possible source of noise radiation, provisions were made to close the lower

forward gap to assess the amount of noise which radiated through it. A bulk absorber (fiber-

glass) acoustic lining of adequate depth was installed on the augmentor flap interior surfaces.
Results from tests on this lining material will be used as a baseline for comparison with more
flight-worthy acoustic liners to be installed later in task II. Bulk absorber lining will be used to

estimate the potential of the lined augmentor. The augmentor was instrumented for static

pressure and noise on the interior surfaces. Capability to measure flow profiles at the aug-
mentor throat and exit was also included.

it is recommended that testing of the augmentor include three flap deflections (dSf =
35°, 50*, and 70.), considered representative of takeoff, go-around, and approach flap set-

tings. Each configuration should be investigated for its noise suppression and performance

potential. Special attention should be given to possible coanda turning, augmentation, and

flap noise resonance problems. Each configuration should be optimized for performance and
then tested for noise.

The flap should be tested with and without the acoustic liner to determine its effect on

noise. During this test sequence the influence of additional flap length, lining location, and

_'oanda gap closure on noise attenuation should be studied in a parametric manner. The lin-

ing location test will evaluate the individual effectiveness of the lower flap, upper flap,
intake, and coanda surface on noise suppression.

It is recommended that each configuration be tested at selected pressure ratios ranging
from 1.3 to 3.0. A decision to test with ambient or heated flow will be made early in task Ii.

It |_ desirable to keep the number of test power settings to a minimum consistent with

engine cycle study requirements. The nozzle pressure ratio will be extended lower for rela-

t_te velocity flight usage.

A majority or the configurations are scheduled for testing at nozzle erienta!i.o:_.-. ,'.f 0*

and ct0". I ask 1 results have shown orientation to be significant at the sideline condition
_d = 90").

@



A second test series is recommended for the augmentor flap system (A) with the
100: l-aspect-ratio convergent slot to compare its effectiveness as a suppressor system with

the previously tested multi-element system. The three flap deflections, a lined and unlined

flap, and selected orientations and nozzle pressure ratios should be included in the test pro-

gram. Also recommended for comparative test is a configuration which uses the coanda flap

section of the augmentor as a jet flap.

Having used the fiberglass acoustic lining to estimate the potential of the lined aug-

mentor for noise reduction, it is recommended that further testing be accomplished with

more flightworthy materials incorporated in a tuned lining concept. A two-phase tuned lin-

ing test program is suggested. Phase I will determine the effectiveness of basic tuned lining

parameters in attenuating jet noise shrouded by an augmentor flap. Basic test hardware will

be the 70-lobe area ratio 4 nozzle and an augmentor flap system similar to configuration A.

The phase II test objective is to determine optimum lining configurations for the flap

ejector.

The basic tuned lining design consists of a honeycomb core sandwiched between a

porous facing sheet and a solid backing sheet. Polyimide is to be used for construction. Fac-

ing polyimide of several different porosities will be tested with honeycomb cores of differ-

ent depths. The polyimide facing sheets will have a range of R/pa between 2.0 and 0.5; the

honeycomb cell size will be 3/16 in. with depths within the range of 1/8 to 1/2 in. Approxi-

mately six to eight lining configurations will be tested in phase I. Phase II testing will

probably require construction and test of two to four lining configurations.

Two new nozzle designs are scheduled for test with a modified augmentor flap in task

II. Before designing these nozzles, it is desirable to have the results of the bulk-absorber-

lined augmentor tests anlayzed to determine the frequency range where noise attenuation is

most needed. Augmentor test results will provide information as to what frequency range is

dominating the perceived noise level and identify any flanking paths or flap resonances

which may be limiting the maximum potential of the concept. The technology based on

task I results is now available to design nozzles which shape the noise spectrum of the jet in

a manner that complements the suppression ability of the lined shroud. The modified flap
referred to in the above discussion is considered to be the "A" configuration with improve-

ments derived from the test experience obtained in the initial phase of the test program.

A final test configuration is recommended for task II which combines the best nozzle
and augmentor characteristics for optimum noise suppression and augmentation.

9.2 WIND TUNNEL TESTS

The original schedule for task III has been revised such that the two-dimensional wind

tunnel test augmentor configurations are now in two phases. A revised schedule is shown in

figure 9-2. Phase I consists of evaluating the performance of baseline configurations to deter-

mine the effects of leading edge devices and leading edge blowing. A detail test plan appears

in figure 9-3. Phase II will include the evaluation of primary nozzle configuration, flap sur-

face condition simulating acoustic lining treatment, flap, shroud, and intake geometry
-h_n_e_ h_zecl on t,a_k II f!an _t,_ti_- te_t rt'_.ldt_
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Although the design and analysis method described in section 7.0 has been used to

design the shape of flap "A'" elements, the mathematical modeling remains to be verified by

experimental data. Static pressure data obtained in phase I wind tunnel testing should be
suitable for this purpose. The method should be used to analyse the baseline configuration

for a wide range of flap deflections. Where flow separation over shroud and intake upper

surface are observed at high flap deflection, this method can be useful in identifying the

required geometry changes. It would also greatly accelerate the experimental geometry

optimization process if the effect of movement of each element on the pressure distribution

is properly understood.

9.3 SYSTEM DESIGN STUDIES

The system design studies of task ! provided a baseline augmentor wing airplane con-

figuration which serves:

I) As a guide in establishing scale and configuration of test hardware and range of
test variables

2) As a reference size for exploring alternate design approaches in augmentor duct/

nozzle/flap/structure/acoustics integration

3) As a reference for parametric studies of wing planform, air distribution system,

and engine cycles

The test hardware was designed and several concepts have been identified for the physical
integration of the augmentor system components, pending test data confirmation.

Parametric studies were completed covering the range of interest in wing aspect ratio

and sweep angle. They showed that a plenum-type duct system with augmentor nozzle pres-

_re ratio of 2.0 is well suited to a wing planform of 5.5 aspect ratio and 30 ° sweep angle.

This planform results in substantially lower airplane gross weight than the reference wing of

6.5 aspect ratio and 25 ° sweep angle. However, complexity of the the four subduct valves and
fl_ur back-flow check valves, as well as the potential power management control problems

a_sociated with discharging the output oftwo or more blowing engines into a common

plenum, provide incentive to consider the independent duct system.

It was shown that a duct system with independent nozzle and cross-body flow for each

engine is best suited to the space available in a wing of 5.5 aspect ratio and 25°sweep angle.
A preliminary estimate shows that an augmentor nozzle pressure ratio of 2.6 is required for

_ach a system assuming a nominal duct pressure loss of 15%. The duct system parametric

_ludies suggest that a somewhat higher duct loss would provide more thrust-per-unit-wing-

area. permitting either higher wing loading (and attendant reduction in airplane operating
,:,npty weight), or a !nwer n_zTle pressure for tl_e required thrust.

This requires further analysis and adjustment of system component flow losses to

e,tablish more closely the performance of the independent duct system and take advantage

of the space available along the span of a particular wing planform.



Relatedpreliminarydesignisnecessaryto integratethesystemcomponentswith
supportingstructureandto providealternateconceptsof suchitemsasdivertervalves,
flexures,andlow-lossflow turningschemes.Thesephysicalcomponentswill beexaminedas
applicableto thewingplanformbestsuitedto the independentductsystem.Whiletrades
weremadeshowingtheeffectonduct flowareaof varyingwingrearsparpositionandflap
chord,further analysisanddesignis necessaryto establishthe weighteffectsof those
changes.

Flight controlandcomponentdesignconceptsarerequiredto accommodatethevar-
ioussteady-stateandtransitionmodesof thesystem.

Thesevariableswill beexaminedin light of existingandnewtestdatato provide
appropriateguidancefor revisingtesthardware.Thefoundationof applicabledatathus
obtainedmaythenbeusedto predict STOLairplaneperformanceandnoise.

Basicenginecycleanalysiswascompletedprovidingaconsistentfamilyof enginesof
assumed1978technologylevelto supportthe continuingsystemstudyeffort. Theideal
enginecyclesmaynowberelatedto "potentialrealworld" enginesandpreliminaryengine
requirementsestablished.Furtherstudyof availableenginehardwareisnecessaryto identify
anenginefor theplannedtaskIV statictest.

A chartdefiningtheserecommendedareasof engineeringeffort isgivenin figure9-4.
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